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II.  INTRODUCTIOM 


The  military  requirements  for  electronic  equipment  have  been  steadily 
increasing.  This  trend  in  demand  for  equipment  having  improved  perform¬ 
ance,  decreased  size,  greater  reliability  and  complexity  of  function  is 
continuing.  For  example,  a  typical  destroyer  in  1937  incorporated  a 
total  of  approximately  6o  active  vacuum  tubes  maintained  by  a  single 
technician.  By  a  destroyer  utilized  850  tubes.  In  1952  this  total 
had  increased  to  3200  tubes,  serviced  by  lli  technicians.  The  trend  to 
increased  complexity  will  not  change  in  the  foreseeable  future.  As  a  re¬ 
sult,  electronic  design  problems  are  multiplying  in  severity.  Production 
mechanization  and  electronic  cooling  programs  are  among  the  current  en¬ 
deavors  to  obtain  satisfactory  econony  and  reliability.  It  is  necessary 
that  these  and  associated  problems  be  resolved  in  order  to  achieve  ac¬ 
ceptable  electronic  devices. 

Reliability  is  of  paramount  importance .  Reliability  has  been  defined  as 
the  ratio  of  the  time  the  equipment  is  in  usable  operating  condition  to 
the  total  time  the  equipment  is  required  for  use.  In  general,  the  re¬ 
liability  of  current  electronic  equipment  is  poor.  In  fact,  it  has  been 
concluded  that  it  vrould  be  economical  to  pay  more  than  twice  the  present 
cost  for  military  electronic  equipment  if  reliability  could  be  improved 
oy  50  per  cent. 

Miniaturization  has  led  to  ever  increasing  heat  concentrations  with  the 
necessity  for  adequate  heat  transfer  within  equipment.  Effective  heat 
removal  is  of  prime  importance  in  obtaining  satisfactory  lil'e,  reliabil¬ 
ity  unu  electronic  performance.  If  the  temperatures  of  electronic  parts 
cxci  co  . rtain  values,  malfunctioning  and  failures  follow.  Thus,  the 
science  ol  teat  transfer  must  be  employed  In  electronic  design. 

in  order  to  establish  a  firm  foundation  of  knowledge,  the  initial  phase 
of  this  program  was  a  national  survey  of  the  state  of  the  art  of  heat 
transfer  in  electronic  equipment.  The  findings  of  this  effort  are  pre¬ 
sented  in  Cornell  Aeronautical  Laboratory  Report  No.  HF-TIO-D-IO.  It 
was  fou.nd  that  the  electronic  circuit  design  of  most  military  electronic 
equipment  has  been  excellent.  Unfortunately,  the  mechanical  and  thermal 
designs  have  not  been  as  satisfactory.  Acceptable  reliability  can  only 
be  achieved  if  the  electronic,  thermal  and  mechanical  designs  are  all 
well  executed.  Thus,  the  thermal  design  is  equally  as  important  as  the 
circuit  design.  An  investment  of  effort  on  the  thermal  design  will  re¬ 
turn  good  interest  in  terms  of  improved  reliability. 

This  Manual  has  been  prepared  to  assist  the  electronic  engineer  in  the 
thermal  design  of  miniaturized  equipment.  In  effect,  this  Manual  sorts 
and  places  the  known  electronic  cooling  design  information  together  be¬ 
tween  two  covers  in  a  brief,  predigested  form  for  use  by  electronic  en¬ 
gineers.  It  has  been  deliberately  written  at  an  appropriate  technical 
level  so  that  engineers  without  heat  transfer  backgrounds  can  design  ac¬ 
ceptable  equipment.  Therefore,  this  Manual  outlines  thermal  parameters 
ifthich,  it  is  believed,  will  temper  the  designer's  judgnent  and  lead  to 
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the  best  practical  solution.  Design  formulae  contained  herein  are 
usually  simplified  approximations.  Frequently,  qualitative,  rather 
than  qviantitative ,  infornation  is  presented.  When  specific  recommenda¬ 
tions  are  given,  care  must  be  taken  in  adopting  such  recommendations  so 
that  they  do  not  conflict  with  the  requirements  of  the  contracting  ac¬ 
tivity. 

Two  groups  of  recommendations  are  incorporated  herein.  The  first  ser¬ 
ies  are  based  upon  the  concept  that  improved  reliability  can  be  achieved 
with  existing  equipment  provided  it  can  be  modified  for  better  cooling. 

For  this  reason,  several  sections  of  the  discussion  are  devoted  to  im¬ 
provement  of  present  equipments.  The  second  group  of  recommendations 
are  for  the  new  equipment  designers.  These  data  are  not  only  for  those 
designing  equipment  of  the  future,  but  for  those  now  designing  equipment 
con?)romised  by  the  tenperature  limited  present  day  parts. 

This  Manual  enphasises  ground-based  and  shipboard  electronic  equipment. 

No  consideration  has  been  given  to  non-steady  state  heat  transfer  or  op¬ 
eration  at  environmental  air  pressures  significantly  less  than  one  atmos¬ 
phere,  The  Ohio  State  University  Research  Foundation  has  prepared  a  ser¬ 
ies  of  reports  related  to  transients  and  more  detailed  analysis  of  these 
phases  of  the  problem.  Further,  for  the  purposes  of  the  Manual,  it  has 
been  assumed  that  unitized  construction  will  be  generally  used,  the  equip¬ 
ment  being  composed  of  subassemblies  and  assemblies. 

The  thermal  design  of  electronic  gear  is  a  relatively  new  science.  In 
general,  due  to  the  current  limited  knowledge,  only  reasonable  design 
approxinations  can  be  mde.  Much  renains  to  be  accomplished  in  this  re¬ 
latively  new  field.  There  is  a  need  for  the  standardization  of  cooling 
means  and  systems.  Also,  widely  accepted  standard  heat  transfer  liquids 
should  be  developed.  If  the  operating  temperatures  of  electronic  parts 
can  be  increased,  some  of  the  current  thermal  problems  will  be  allevia¬ 
ted.  FSjrther,  present  methods  of  temperature  rating  should  be  improved. 
The  use  of  thermal  environment  or  surface  temperature  rating,  in  lieu  of 
ambient  temperature  rating,  will  aid  in  this  matter.  In  addition,  tech¬ 
niques  should  be  developed  to  obtain  an  analytical  method  of  determining 
the  rating  and  limits  of  each  equipment  type  under  given  environmental 
conditions . 

We  wish  to  acknowledge  the  excellent  cooperation  we  have  received  during 
this  program  from  government  agencies,  universities  and  industries. 
References  of  source  material  are  listed  in  the  bibliography,  together 
with  reference  numbers  at  pertinent  locations  in  the  discussion.  The 
terminology  used  herein  is  presented  in  Cornell  Aeronautical  Laboratory 
Report  No.  HF-8li5-D-2.  Symbols  are  incorporated  in  Appendix  A. 
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Wozic  on  beat  transfer  In  electronic  equlpnent  is  continuing  at  this 
Laboratory.  Future  publications  will  supplement  this  lianual.  Appendix 
B  consists  of  a  summary  of  reports  already  written  and  also  planned  under 
this  program.  Detailed  information  in  these  matters  can  be  obtained  from 
Mr.  James  W.  Brush,  Code  8l8C,  Bureau  of  Ships,  Washington  2$,  D.C. 
Comments  are  solicited. 

This  Manual  is  not  to  be  construed  as  an  endorsement  of  any  commercial 
products  mentioned. 
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in.  BASIC  DESICK  CONCEPTS 


A.  FUNDAMENTAL  PRINCIPLES  AND  THEIR  APPLICATICW  TO  ELECTRONIC  HEAT  FEMOVAL 


Electronic  equipment  must  incorporate  means  for  adequate  heat  rejection 
in  order  to  provide  reliable  performance  at  thermal  equilibrium.  This 
will  be  necessary  until  the  efficiency  of  electronic  equipment  becomes 
of  high  order.  As  long  as  power  is  dissipated  it  will  be  rejected  in  the 
form  of  heat.  The  purpose  of  any  electronic  cooling  system  is  to  provide 
a  low  resistance  thermal  path  to  a  heat  sink  to  absorb  this  waste  heat. 

When  used  in  conjunction  with  a  heat  sink  at  a  reasonably  low  temperature, 
such  a  system  will  reduce  the  temperature  rise  of  electronic  parts  and 
equipment . 

There  are  several  important  factors  which  must  be  thoroughly  understood 
prior  to  the  initiation  of  the  desigi  of  any  electronic  equipment. 

1,  Ten5)erature  differeme  controls  Ihe  rate  of  heat  transfer  in  any  given 
configuration. 

2,  At  thermal  equilibrium  a  heat  balance  is  always  maintained.  The  natu¬ 
ral  law  of  the  conservation  of  energy  applies  and  all  of  the  heat 
generated  win  be  rejected,  if  necessary,  by  means  of  high  temperature 
gradien  ts , 

3,  In  order  to  define  the  thermal  parameters,  the  electronic  engineer 
must  first  detemine  temperature  and  rate  of  heat  production.  The 
dissipated  power  can  usually  be  measured.  Even  though  temperature 
measurement  is  not  as  easy,  the  determination  of  temperature  is  neces¬ 
sary,  since  it  is  the  only  other  measurable  quantity  in  the  thermal 
circuit.  Further,  temperature  is  a  measure  of  the  qualily  of  the 
thermal  design . 

i;.  The  electronic  designer,  in  determining  his  heat  transfer  system,  must 
first  select  the  most  simple  and  economical  cooling  system  applicable 
to  the  proposed  design,  environment  and  specifications.  Many  factors 
must  be  considered;  space,  economy,  power  to  operate  the  cooling  system, 
the  temperature  limitations  of  the  electronic  parts,  the  circuit  con¬ 
figuration,  the  thermal  environment,  the  heat  concentration  and  the  ul¬ 
timate  sink.  A  satisfactory  thermal  design  should  start  on  the  draft¬ 
ing  board  simultaneously  with  the  electrical  and  mechanical  design  ac- 
tivit  ies , 

5.  The  thermal  design  must  be  such  that  the  electronic  performance  is 
not  significantly  affected.  In  certain  instances  the  optimum  cooling 
technique  may  not  be  consistent  with  electronic  performance.  When 
this  situation  arises,  it  is  recommended  that  alternate  cooling  means 
or  circuit  designs  be  utilized.  Compromise  designs  are  more  often 
the  rule  than  the  exception. 
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6.  Heat  transfer  design  inherently  includes  reasonably  wide  toler¬ 
ances.  Due  to  the  nature  of  heat  transfer,  a  hig^  degree  of  de¬ 
sign  accuracy  can  seldom  be  achieved.  However,  this  does  not 
Impede  the  design  of  a  practical  cooling  systan.  Once  the  type 
of  cooling  system  has  been  tentatively  selected,  the  thermal 
analysis  must  be  made.  The  thenoal  circuit  should  be  approximated 
as  closely  as  possible  to  permit  mathematical  analysis. 


6 


B,  APPROACHES  TO  THE  THEmL  DESIGN  OF  ELECTRONIC  EQUIPLENT 


There  are  two  basic  approaches  to  the  design  of  electronic  equipment  with 
satisfactory  thermal  performance: 

1.  The  "brute  force"  method,  wherein  high  temperature  electronic  parts 
are  used  to  permit  operation  without  special  cooling  means,  can  be 
used  to  provide  heat  rejection  through  the  operation  of  parts  at  high 
tenperatures .  When  used  at  low  ambient  temperatures  to  alleviate  the 
effects  of  excessive  hot  spots,  this  approach  is  inherently  ineffi¬ 
cient  and  expensive.  Hi^  temperatiure  electronic  parts  should  only 
be  used  for  operation  in  environments  with  high  ambient  temperatures 
and  in  conjunction  with  an  adequate  heat  removal  means.  The  utiliza¬ 
tion  of  high  ten^rature  parts  is  not  recoromended  as  a  remedy  for  the 
deficiencies  of  an  inferior  heat  removal  system. 

2.  The  controlled  heat  removal  method  should  be  used  in  all  Military 
electronic  equipment.  This  approach  embodies  the  most  effective 
methods  of  heat  transfer  and  includes  special  techniques.  It  re¬ 
quires  the  application  of  careful  design  of  the  entire  thermal  system 
and  the  establishment  of  low  ten?>erature  gradients  to  protect  temper¬ 
ature  sensitive  parts  and  circuits .  Of  prime  importance  is  the  ne¬ 
cessity  of  directing  the  heat  from  the  sources  along  specified  paths 
to  a  low  teaperature  sink  so  that  the  heat  is  not  indiscriminately 
scattered  and  transferred  into  adjacent  electronic  parts.  The  magni¬ 
tude  and  location  of  heat  flow  must  be  controlled.  For  these  reasons, 
certain  heat  removal  methods  nhich  will  cool  heat  sources  and  transfer 
their  heat  into  other  parts  are  considered  undesirable. 

C.  METHODS  OF  THERMtiLLY  RATING  ELECTRONIC  EQUIPMENT  AND  PARIS 

In  general,  electronic  parts  are  individually  rated  for  certain  perform¬ 
ance  at  specified  ambient  temperatures.  Ambient  temperature  rating  is 
rapidly  becoming  obsolete  because  it  is  indeterminate.  Almost  every 
organization  has  a  slightly  different  definition  and  interpretation  of 
ambient  rating.  Such  rating  is,  in  some  respects,  almost  worthless, 
and  thermal  performance  "loopholes"  are  provided  through  its  use.  Not 
only  should  individual  part  rating  be  considered,  but  also  the  group 
characteristics  must  be  assayed  in  order  to  avoid  shifts  in  values  or 
outright  failure.  The  thermal  interaction  due  to  mutual  heating  and 
cooling  can  cause  greatly  increased  temperatures  over  those  obtained  with 
solitary  parts. 

Ambient  ten^wrature  is  only  the  temperature  of  the  medium  surrounding  an 
object.  This  does  not  define  the  true  thermal  situation  as  it  may  exist 
around  an  electronic  part.  *fith  densely  packaged  equipment,  the  local 
air  temperature  is  not  directly  related  to  the  heat  radiation  or  conduc¬ 
tion  effects  from  nearby  heat  sources.  These  effects  are  frequently 
significant  and  can  lead  to  the  overheating  of  parts  even  though  the 
ambient  rating  is  not  exceeded.  Ambient  temperature  rating  sufficed 
for  the  conventional  World  War  II  type  of  equipment,  since  widely  sep¬ 
arated  beat  sources  were  operated  at  relatively  low  temperatures. 
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The  primary  function  of  any  method  of  part  rating  is  to  determine  the 
thermal  state  of  the  internal  functioning  elements.  The  limiting  tem¬ 
peratures  are  those  which  the  constituents  can  withstand  before  they 
oxidize,  melt,  decompose  or  change  value.  Unfortunately,  internal 
temperatures  are  usually  difficult  to  measure.  Therefore,  the  best 
practical  indication  of  the  thermal  index  of  the  inside  of  an  electronic 
part  is  its  surface  ten^rature  or  the  change  in  value  of  a  readily 
measurable  electrical  parameter.  Neither  of  these  characteristics  are 
necessarily  related  to  the  temperature  of  the  surrounding  air. 

Like  electronic  parts,  most  electronic  equipment  is  usually  rated  in 
terms  of  ambient  temperature.  Uilitary  specifications  also  incorporate 
ambient  ratings.  It  is  believed  that  military  specifications  and  equip¬ 
ment  ratings  should  be  modified  to  incorporate  thermal  environment  rat¬ 
ings  which  can  provide  the  equipment  designer  and  user  with  definite 
thermal  parameters.  The  thermal  environment  can  be  defined  as  the  con¬ 
dition  of  (1)  fluid  type,  temperature,  pressure  and  velocity;  (2)  sur¬ 
face  temperat\]res,  configurations  and  emissivities  and  (3)  all  conductive 
thermal  paths  surrovmding  an  electronic  device.  The  ambient  temperature 
is  only  the  fluid  temperature  surrounding  an  electronic  device.  It  is 
one  of  the  factors  contributing  to  the  thermal  environment. 

Military  specifications  for  electronic  equipment  should  provide  and  de¬ 
fine  facilities  for  the  removal  of  the  dissipated  heat  at  the  installa¬ 
tion  location.  The  thermal  situation  should  be  described  both  before 
and  after  the  installation  of  the  equipment. 

The  electronic  equipment  manufacturers  should  furnish  the  user  with 
the  heat  dissipation  rate  of  each  unit  of  equipment,  the  cooling  re¬ 
quirements,  the  maximum  temperature  of  the  equipment  at  specified  lo¬ 
cations  which  are  indicative  of  the  thermal  situation  and,  if  a  coolant 
is  used,  other  pertinent  information  such  as  pressure  drop  and  tempera¬ 
ture  gradients. 
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n.  INTRODUCTION  TO  HEAT  TRANSFER 

A.  GENERAL 

This  section  is  a  brief  review  of  the  modes  and  basic  laws  of  heat 
transfer.  Its  purpose  is  to  serve  only  as  an  introduction  to  re¬ 
acquaint  the  electronic  engineer  with  the  basic  principles  involved. 

Heat  or  thermal  energy  is  transferred  from  one  region  to  another  by 
virtue  of  temperature  difference.  The  two  fundamental  axioms  are 
that  heat  flows  only  from  a  high  temperature  region  to  one  of  lower 
tenders ture,  and  that  the  heat  emitted  by  the  high  temperature  region 
must  be  exactly  equal  to  that  absorbed  by  the  low  temperature  region. 

'When  heat  is  transferred  at  a  steady  rate  and  the  temperature  at 
any  given  point  is  constant,  the  steady  state  is  said  to  exist.  On 
the  other  hand,  if  the  heat  flow  is  a  function  of  time,  the  flow  is 
said  to  be  in  the  unstea<ty'  state.  An  example  of  the  latter  is  the 
warm-up  period  of  an  electronic  assembly.  This  Manual  does  not  con¬ 
sider  such  transient  conditions  but  only  those  occurring  after  thermal 
equilibrium  has  been  reached. 

In  general,  there  are  three  modes  or  methods  of  heat  transfers  con¬ 
duction,  convection  and  radiation.  They  may  occur  singly  or  simul¬ 
taneously.  While  evaporation  and  condensation  may  be  classified 
under  convection,  they  are  usually  considered  separately  since 
mass  transfer,  as  well  as  heat  transfer,  occurs. 

B.  CONDUCTION 

Heat  conduction  is  considered  to  be  caused  through  molecular  oscil¬ 
lations  in  solids  and  elastic  impact  in  liquids  and  gases.  The 
basic  law  of  heat  conduction  in  the  steady  state  and  in  its  most 
siiQjle  form  (heat  transfer  through  a  wall)  is: 

q  =  k  ^  At  (1) 

Li 

where ; 

q  is  the  rate  of  heat  transfer 

k  is  the  thermal  conductivity  of  the  material 

A  is  the  cross-sectional  area  perpendicular  to  the  direction 
of  heat  flow 

L  is  the  length  of  heat  flow  path 
At  is  the  temperature  difference  causing  the  heat  flow 
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Heat  flow  is  analogous  to  (XmvsVLaw.  Rewriting  equation  (1)  ast 


q  “  X" 

kA 


\ 


(2) 


it  can  be  seen  that  q  is  analogous  to  I  ,  At  to  E  ,  and  L/kA  to  R. 


The  thermal  conductivity  k  is  the  quantity  of  heat  which  will  flow 
across  unit  area  in  unit  time  idien  the  length  of  beat  path  is  unity 
and  the  temperature  gradient  across  this  path  is  unity.  Its  niuasri- 
cal  value  depends  on  the  material, being  high  for  metals  and  low  for 
insulators.  For  example,  the  thermal  conductivity  of  copper  is 
over  300  times  that  of  glass. 

CONVECTION 


The  process  of  heat  transfer  from  the  surface  of  a  solid  to  moving 
masses  of  fluids,  either  gaseous  or  liquid,  is  known  as  convection. 
This  mode  of  heat  transfer  is  brought  about  mainly  through  circula¬ 
tion  of  the  fluid.  For  example,  the  surface  of  a  warm  object  situ¬ 
ated  in  still  air  at  a  lower  temperature  heats  the  air  adjacent  to 
the  surface.  The  heated  air  becomes  less  dense  as  its  tenperature 
increases  and  induces  convection  currents.  When  the  circulation  is 
caused  only  by  differences  in  density,  the  process  is  called  natural 
or  free  convection.  Circulation  may  be  forced  mechanically  by 
blowers,  punps,  etc.,  in  which  case  the  heat  transfer  is  called 
forced  convection. 

The  mschanism  of  convection  may  be  explained  by  considering  a  cool 
stream  of  air  flowing  past  a  heated  surface.  Immediately  adjacent 
to  the  surface  there  exists  a  film  of  air  varying  in  velocity  from 
zero  at  the  surface  to  the  velocity  of  the  main  stream  at  its  outer 
side.  This  film  offers  a  resistance  to  heat  flow  oujd  is  influenced 
by  the  nature  of  the  flow.  In  free  convection  the  film  is  usually 
in  laminar  or  streamline  motion  and  relatively  thick,  causing  high 
resistance  to  heat  flow.  However,  in  forced  convection,  the  higher 
velocity  tends  to  decrease  the  thickness  of  this  film  inproving  the 
heat  transfer.  In  laminar  flow  the  film  moves  in  streamline  motion, 
while  in  turbulent  flow,  two  not  sharply  defined  layers  are  believed 
to  exist,  the  inner  in  streamline  and  the  outer  in  turbulent  motion. 
Heat  is  believed  to  pass  through  the  streamline  layer  mainly  by  con¬ 
duction  and  through  the  turbulent  layer  by  mixing  and  diffusion  with 
the  fluid  in  the  main  stream. 

The  basic  equation  for  convection  is  ; 

q-h^jAAt  .. 
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where: 


q  is  the  beat  transfer  rat^ 
h_  is  a  convection  coefficient  of  heat  transfer 

V 

A  is  the  surface  area 

At  is  the  temperature  difference  between  the  surface  and  the 
main  fluid  stream 

The  value  of  h^  is  influenced  ty  many  factors  including  not  only 
the  properties  of  the  fluid  such  as  viscosity,  density,  etc.,  but 
the  flow  conditions  and  surface  characteristics  as  well.  The  re¬ 
sistance  concept  may  also  be  ai^lied  to  convection  in  which  case 
the  term  l/Ah^  is  the  thermal  resistance. 

D .  EVAPORATIOtl  AND  CONDENSATION 


Evaporation  and  condensation  are  characterized  by  a  change  of  state 
involving  a  liquid  evaporating  to  the  vapor  state  and  a  vapor  con¬ 
densing  to  the  liquid  state,  respectively.  The  basic  equation  for 
these  processes  is  the  same  as  that  for  convection. 

Evaporation  is  a  general  term  used  whenever  molecules  leave  the 
surface  of  a  liquid  changing  to  the  vapor  state.  The  amount  of 
heat  necessaiy  to  evaporate  a  unit  mass  of  a  liquid  to  a  vapor  is 
called  the  heat  of  vaporization.  The  process  may  occur  with  or 
without  boiling.  For  example,  water  will  evaporate  into  air  by 
diffusion  if  the  vapor  pressure  of  the  water  is  greater  than  the 
partial  pressure  of  the  water  vapor  in  the  air.  Evaporation  can 
be  speeded  up  by  heating  the  water.  If  the  ten^serature  is  in¬ 
creased  until  the  vapor  pressure  of  the  water  equals  the  ainbient 
atmospheric  pressure,  boiling  will  take  place.  Evaporation  usually 
involves  high  rates  of  heat  transfer  and  the  coefficients  may  be  as 
much  as  200  times  that  for  air  in  forced  convection. 

Condensation  occurs  udien  a  vapor  condenses  to  a  liquid  on  a  cooler 
surface.  Here  the  heat  of  vaporization  is  now  released.  Like 
vaporization,  high  rates  of  heat  transfer  are  usually  associated 
with  condensation. 

E.  RADIATIC® 


Bodies  under  thermal  agitation  induced  by  temperature  emit  thermal 
radiation  in  the  form  of  electromagnetic  waves  ranging  in  wave 
length  from  the  long  infrared  to  the  short  ultraviolet.  Radiation 
emitted  from  a  bo<fy  can  travel  undiminished  through  a  vacuum  or 
through  gases  with  relatively  little  absorption.  When  radiation 
is  intercepted  by  a  second  body,  part  may  be  absorbed  as  thermal 
energy,  part  may  be  reflected  from  the  surface,  and  part  may  be 
transmitted  still  in  electromagnetic  wave  form  throu^  the  body 
as  in  the  case  of  glass. 
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Consider  a  body  in  space  receiving  radiant  energy  from  some  source. 

If  all  the  incident  radiation  is  absorbed  with  zero  energy  being 
reflected  or  transmitted,  it  is  a  perfect  absorber  and  called  a 
"blackbody".  There  are  no  p>erfect  absorbers  in  nature  although  some 
bodies  come  very  close  to  exhibiting  blackbody  characteristics.  The 
ratio  of  the  amount  of  energy  absorbed  by  an  actual  body  to  that  by  a 
thermal  "blackbody"  is  called  the  "absorptivity" .  In  the  absence  of 
conduction  and  convection,  a  body  at  thermal  equilibrium  which  re¬ 
ceives  radiation  must  necessarily  emit  radiant  energy  equal  to  that 
absorbed.  Hence  a  body  which  is  a  good  receiver  or  absorber  is  a 
good  radiator  or  emitter.  The  ratio  of  the  amount  of  radiant  energy 
emitted  by  an  actual  body  to  that  emitted  by  the  ideal  blackbody  is 
called  the  "emissivity"  and  is  numerically  equal  to  the  absorptivity. 
Its  nuinsrical  value  is  always  less  than  unity.  The  emissivity  of 
polished  copper,  for  example,  is  0.023,  whereas  that  of  oxidized 
cast  iron  may  be  as  high  as  0.95. 

The  basic  equation  for  the  radiation  from  a  blackbody  is: 
q.  =  OTAT^ 


where : 

q  is  the  rate  of  energy  emitted  by  a  blackbody 

<r  is  the  Stephan-floltzmann  constant 

A  is  the  surface  area 

T  is  the  absolute  Temperature 

For  actual  bodies,  equation  (i:)  must  be  modified  for  departure  from 
ideal  blackness  and,  since  the  net  exchange  of  radiant  energy  be¬ 
tween  two  bodies  is  usually  required,  it  must  be  modified  depending 
on  the  geometry  of  the  system.  The  general  equation  for  the  net 
rate  of  exchange  of  radiant  heat  between  two  non-black  bodies  is: 

^r  -  fe  ^  A<r(Ti^  -  T2^) 


where: 


is  an  emissivity  factor  to  allow  for  departure  from  black 
body  conditions 


F  is  a  configuration  factor  based  on  the  geometry  of  the 
system  (not  all  of  the  radiation  emitted  by  a  body  may 
be  intercepted  by  the  second  body) 

T^  and  T2  are  the  temperatures  of  the  hot  and  cold  bodies 
respectively. 


The  net  radiation  between  two  bodies  is  thus  proportional  to  the 
difference  in  the  fourth  powers  of  the  absolute  tengjeratures, 
whereas  conduction  and  convection  in  general  are  proportional 
to  the  difference  in  the  first  powers  of  the  ten^je natures . 

F.  COMBINSD  IKDES  OF  HEAT  TRANSFER 

Convection  and  radiation  nay  occur  simultaneously  to  provide 
parallel  heat  flow  paths.  The  resistance  concept  may  be  ap¬ 
plied  to  radiation  by  considering  a  fictitious  radiation  coef¬ 
ficient,  hj.,  such  that  the  convection  and  radiation  coefficients 
are  additive  when  a  surface  loses  heat  by  both  modes. 

The  radiation  coefficient  is  defined  as: 


hr 


qr 

AAt 


(6) 


where  dt  is  the  difference  in  surface  and  air  temperatures. 


Thus,  the  total  heat  transferred  from  a  surface  is; 


q  =  ^  ^  ...  -  (h  +  h  )  AAt 

total  convection  raciation  c  i 

(7) 

An  electronic  box  situated  in  a  lower  temperature  environment 
might  lose  heat  by  both  convection  and  radiation  from  its 
outer  surfaces. 

G  RESISTANCE  CONCEPT  FOR  HEAT  FLOW  THROUGH  A  WALL 

Consider  a  wall  as  in  Fig.  1  on  one  side  of  which  is  air  at  a 
higher  temperature  than  the  air  on  the  opposite  side. 
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Fig.  1.  Temperature  Gradient  Through  A  Wall 


Neglecting  radiation  in  this  single  exan^le.  Fig.  1  shows  the  te^I^^- 
erature  gradient  from  the  warm  air  to  the  cool  air.  Heat  is  trans¬ 
ferred  by  convection  across  the  air  film,  then  by  conduction  across 
the  wall,  and  finally  by  convection  to  the  cooler  air.  Since  this 
is  a  thermal  series  circuit  involving  three  resistances,  the  equation 
for  the  heat  flow  would  be: 

At 

q  -  — 


total 


At 


1 

Ah. 


L 

Ak 


total 


Ah^ 


(8) 


where : 


At 


tntal 


is  the  difference  between  the  warm  and  cool  air 
temperatures,  and 


h  and  h  ' 
c  c 


are  the  convection  coefficients  of  the  warm  and 
cool  air  films  respectively. 


Each  term  in  the  denominator  of  equation  (8)  represents  a  thermal 
resistance  analogous  to  the  resistances  in  a  sinqile  series  elec¬ 
trical  circuit.  This  analogy  is  shown  in  Fig.  2. 
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Fig.  2.  Electrical  Circuit  Analogy  for 
Heat  Flow  Through  a  Wall . 


The  temperature  drop  or  gradient  across  each  resistance  is  pro¬ 
portional  to  the  resistance.  Thus,  the  temperature  drop  across 
the  wall,  for  example,  is; 


H.  THE  ULTimTE  SINK 


Unlike  the  closed  electrical  circuit,  the  thermal  circuit  is  an 
open  one.  The  heat  generated  in  a  vacuum  tube,  for  example,  is 
transferred  by  various  modes  through  various  channels  and  ulti¬ 
mately  reaches  a  heat  sink.  The  cooling  process  is  simply  one 
of  transporting  thermal  energy  from  a  heat  source  to  a  heat  sink 
at  a  lower  temperature.  The  design  problem  is  to  provide  a  theimal 
path  of  low  resistance  and  a  low  temperature  sink  so  that  the  tem¬ 
perature  of  the  heat  sources  (vacuum  tubes,  etc.)  will  not  be  ex¬ 
cessive.  Further,  non-heat  producing  sources  critical  to  tempera¬ 
ture  must  be  ,;rotected  from  overheating. 

In  the  final  analysis  tiie  ultimate  sink  is  the  earth's  atmosphere, 
large  bodies  of  water,  or  the  earth  itself.  However,  from  the 
practical  view,  the  electronic  designer  may  have  available  inter¬ 
mediate  sinks  such  as  cooled  air  which  must  transport  the  heat 
from  the  electronic  assembly  to  the  ultimate  sink.  In  steady-state 
heat  transfer,  it  is  erroneous  to  consider  the  chassis  of  a  con¬ 
ventional  electronic  assembly  as  a  heat  sink  because  the  chassis 
has  finite  heat  capacity  and  heat  must  be  removed  from  it  at  the 
same  rate  as  that  entering. 

J.  REUTIVE  MAGNITUDES  OF  HEaT  TRANSFER  PROCESSES 

In  order  to  develop  some  com  of  the  relative  magnitude  of 
various  heat  transfer  processes.  Table  1  is  presented.  The  values 
listed  are  representative  only  and  may  vary  with  conditions.  Com¬ 
parison  is  made  on  the  basis  of  conductance  irtiich  is  the  heat 
transfer  rate  per  unit  area  per  degree  temperature  difference. 

In  free  convection  from  the  vertical  plate,  for  example,  the  con¬ 
ductance  is  reported  per  degree  difference  in  plate  and  air  tem¬ 
peratures  . 


15 


TABIB  I 


Representative  Magnitude  of  Heat  Transfer  Processes 


Btu 

(hr.) (sq.ft.) (OF) 

Watts 

(sq.in.)  (°( 

Conduction  through  copper  0.1  in. 
thick. 

26160. 

95.20 

Conduction  through  pyrex  glass 

0.1  in.  thick 

87.36 

0.322 

Conduction  through  cork  board  0.1 
in.  thick 

3.0 

0.011 

Free  convection  from  6  in.  high  ver¬ 
tical  plate  at  120°Cj  air  at  80°C. 

0.96 

0.0031*8 

Forced  convection,  air  over  6  in. 
plate  at  8  ft. /sec.,  mean  temp, 
air  and  plate  of  100°C. 

2.8ii 

o.oiol* 

Forced  convection  1;0°C  water  flowing 
at  5  ft. /sec.  in  a  2  in.  dia.  pipe 

11*20. 

5.19 

Water  boiling  on  a  flat  plate  at 
atmospheric  pressure 

2000. 

7.30 

Steam  condensing  on  a  flat  plate  at 
atmospheric  pressure 

1000. 

3.65 

Radiation  between  two  black  bodies 
at  100°C  and  50°C 

1.72 

0.0063 

Radiation  between  two  black  bodies 
at  500°C  and  50°C 

7.81 

0.0287 
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V.  NATURAL  METHODS  CF  HEAT  REMOVAL 
A .  GENERAL 


Free  convection,  conduction  and  radiation  are  the  most  common  means  of 
heat  rejection  within  and  from  electronic  equipment.  Natural  methods 
can  be  defined  as  those  wherein  heat  transfer  occurs  without  addition¬ 
al  energy  being  supplied  to  accelerate  the  process.  The  majority  of 
electronic  equipment  and  parts  have  been  designed  for  natural  cooling 
in  a  free  air  environment  at  atmospheric  pressure. 

Natural  methods  are  frequently  the  only  practical  means  of  removing 
heat  from  within  miniatiurized  subassemblies.  Hermetic  sealing  and  the 
dense  packaging  of  parts  may  prevent  the  utilization  of,  for  example, 
forced  air  for  internal  cooling.  Liquid  cooling  by  natural  means  is 
not  included  in  the  discussion  in  this  section.  Although  conduction 
and  free  convection  are  involved  in  liquid-potted  equipments,  it  is 
deemed  advisable  to  treat  liquid  cooling  separately.  Considerable  em¬ 
phasis  is  placed  in  this  section  on  the  cooling  of  vacuum  tubes,  be¬ 
cause  tubes  produce  from  70  to  85  per  cent  of  the  total  waste  heat  of 
a  typical  equipment.  Some  space  is  devoted  to  other  heat  sources,  such 
as  resistors  and  reactors. 

B.  THEORI 


1.  Heat  Transfer  by  Metallic  Conduction 

I 

a .  Gene  ral 


Since  metals  possess  a  low  resistance  to  the  passage  of  thermal 
energy,  heat  conduction  in  metals  is  one  of  the  most  effective 
modes  of  heat  transfer.  In  general,  it  may  be  stated  that  those 
metals  vdiich  possess  low  electrical  resist^ce  also  possess  low 
thermal  resistance. 


The  basic  law  of  heat  conduction  in  the  steacfy  state,  known  as 
Fourier's  law  is 


q 


(10) 


where; 

k 

A 

dx 


is  the  thermal  conductivity 

is  the  cross-sectional  area  perpendicular  to  the  di¬ 
rection  of  heat  flow 
is  the  rate  of  change  of  temperature  with  respect  to 
the  distance  in  the  direction  of  heat  flow 


The  iiiinus  sign  is  present  since 


dt 


is  negative 


If  q  is  measured  in  watts,  area  in  square  inches,  length  in  in¬ 
ches,  and  temperature  in  degrees  C,  k  will  have  the  units  of 
watts/(sq.in.) (°C)/in.  In  the  British  system  of  units,  using 


17 


the  Btu,  foot)  pound,  ^  and  hour,  k  has  the  units  of  Btu/(hr.) 
(sq.ft.)(°y)/ft.  While  k  varies  nith  temperature,  the  vari¬ 
ation  for  metals  over  the  range  of  temperature  of  interest  in 
electronic  cooling  problems  is  not  great.  Table  l5  in  Appendix 
C  presents  the  thermal  conductivity  values  for  various  materials 
and  also  gives  the  comparison  irLth  yellow  brass  on  a  weight 
basis. 


b.  Conduction  through  a  Single  Plane  Wall  or  Bar  Insulated  on  the 
5I3es 


COLD  FLUID  re.MP. 


Fig.  3  Conduction  through  a  Single  Plane  Wall 

Figure  3  shows  a  plane  wall,  one  side  of  which  is  at  tempera¬ 
ture  t^  which  is  higher  than  that  of  the  other  side,  tg.  The 
wall  is  of  a  homogenous  material  with  a  constant  thermal  con¬ 
ductivity,  k.  The  wall  is  considered  to  be  very  large  so  that 
there  are  no  end  effects,  i.e.,  the  heat  flows  only  perpendicu¬ 
lar  to  the  face  of  the  wall  (unidirectional  heat  flow) .  The 
equation  for  the  heat  flow  in  this  case  is; 


Ak  (t^  -  tg)  (11) 


It  is  usual  to  consider  k  as  independent  of  teo^rature.  How¬ 
ever,  if  k  varies,  a  mean  value  of  k  between  the  tenqwratures 
should  be  used.  It  is  iiqiortant  to  note  that  t^  and  are  the 
temperatures  of  the  wall  surfaces  and  not  the  temperatures  of 
the  liquids  or  gases  which  may  be  on  either  side  of  the  wall. 
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Fig.  4  !  Conduction  through  a  Bar 


Figure  U  shows,  a  soft  steel  bar  3/6"  diam.,  U"  long,  one  end 
of  which  is  maintained  at  150°C  and  the  other  at  100°C.  The 
sides  of  the  b^r  are  perfectly  insulated  so  that  heat  flows 
only  in  the  direction  parallel  to  its  axis.  Problems  Deter¬ 
mine  the  rate  of  heat  flow  through  the  bar. 

Solution; 

k  -  1.16  watts/(sq.in.)(°C)/in. 

A  -  1/UTf  (3/8)^  =  0.110  sq.  in. 

Substituting  in  eq\:iation  (11); 
q  =  0.110  X  1.18  (1$0  -  100)  =  1.62  watts 


Note  that  the  foregoing  example  is  ideal  in  that  the  sides 
are  assumed  to  be  perfectly  insulated.  This  sittsation  is  ap¬ 
proximated  in  the  case  of  a  wall  which  is  relatively  large 
oonpared  with  its  thickness.  The  more  general  case  is  that 
of  a  bar  'rtiose  sides  are  not  insulated.  In  this  instance, 
both  radiation  and  convection  may  cause  heat  to  flow  from  the 
sides  of  the  bar  so  that  the  solution  becomes  more  complex. 


Conduction  throi; 


rlinders  and  Spheres 


The  only  other  shapes  which  lend  themselves  to  singsle  conduc¬ 
tion  calculation  are  the  cylinder  and  sphere.  Almost  all  other 
shapes  require  conplicated  mathematical  solutions  or  must  be 
solved  by  graphical  or  numerical  approximations , 


Fig.  5  Conduction  through  a  Cylinder 


382839  0-56-3 
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Figure  5  shoiis  a  cross-section  of  a  hollow  cylinder  or  pipe 
of  inner  radius  r^  and  outer  radius  of  ■  The  inner  and 
outer  surface  temperatures  are  maintained  at  t^  and  to  res¬ 
pectively.  If  t^  is  greater  than  t,,  heat  will  flow  in  the 
outward  direction.  It  is  assumed  tmt  the  ratio  of  length 
to  diameter  is  large  so  that  end  effects  are  negligible. 

The  equation  for  the  heat  flow  rate  from  the  inner  to  outer 
surface  per  inch  length  of  cylinder  is: 


q  =  2  tr  k  (t^  -  t^) 


2.72k  (t^  -  tg) 


watts/in. length  (12) 
of  cylinder 


idiere  q  is  in  watts,  t  in  °C,  dimensions  in  inches,  and  k  in 
watts/ (sq. in.) (®C)/in. 

If  the  Btu-foot-pound-hour-°F  system  of  units  is  used,  then  q 
is  the  heat  transfer  rate  in  Btu/hr.  per  foot  length  of  cylinder. 

In  the  case  of  a  hollow  sphere  of  inner  and  outer  radii  of 
r.  respectively  with  correspondiiig  surface  temperatures  of 
tg,  the  total  heat  conducted  to  the  outer  surface  is  given 

kn’k  ri  T2  (tj^  -  t2) 


r^  and 
tj^  and 
by 


(33) 


d.  Conduction  through  Composite  Walls 


Conduction  through  Composite  Walls 


Fig.  6-a  shows  a  con^josite  wall  or  bar  insulated  on  the  ends 
and  made  up  of  three  different  materials.  It  is  assumed  that 
the  materials  make  perfect  contact  at  the  joints,  a  condition 
which  is  difficult  to  attain  unless  the  materials  are  metals 
and  bonded  to  each  other  by  solder  or  other  such  means.  Perfect 
contact  at  the  joints  eliminates  the  high  resistance  to  heat 
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transfer  caused  uy  any  surface  roughness  with  accompanying  air 
films  between  the  joints.  The  equation  for  the  heat  flow  is: 


^  -  tjj) 


(li:) 


Each  term  in  the  denominator  is  a  resistance  to  heat  transfer 
and,  since  this  is  a  series  thermal  circuit,  the  resistances 
are  additive.  The  temperature  gradient  across  each  material 
is  proportional  to  its  thermal  resistance.  For  example,  the 
temperature  drop  for  the  second  material  is: 


L 


2 


S  -  b  = 


Ii2 


(^1  - 


(15) 


In  cases  where  the  materials  are  not  actually  bonded  together, 
the  thermal  resistance  at  each  joint  should  be  considered. 

Fig*  6-b  shows  a  composite  wall  or  bar  of  three  materials  with 
imperfect  thermal  joints,  having  resistance  at  each  joint. 

Since  there  is  an  abrupt  temperature  drop  at  each  joint,  there 
are  five  thermal  resistances;  one  for  each  material  and  one  for 
each  contact  or  joint.  The  equation  for  the  heat  flow  is : 


q 


where: 


A(t 


1 


(16) 


R.  2  3nd  R2  o  are  the  thermal  contact  resistances  offered 
by  the  first  and  second  joint  respectively.  This  contact  resis¬ 
tance  is  complex  because  of  the  nature  of  the  variables  affect¬ 
ing  it,  such  as  the  surface  finish  or  rcughness,  the  flatness  of 
the  contacting  surfaces,  the  pressure  hol^ling  adjacent  materials 
together,  and  the  materials  used.  It  appears  reasomble  to  ne¬ 
glect  contact  resistance  where  two  surfaces  are  weldeu,  solaered, 
or  braaed  together  so  that  the  contact  is  practically  perfect. 

On  the  other  hand,  if  two  surfaces  are  not  so  bonded,  the  thermal 
contact  resistance  should  be  estimated  by  reference  to  the  avail¬ 
able  published  information.  This  information  (see  references  1 
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and  2  in  Bibliography  Appendix  D)  presents  the  contact  resis¬ 
tance  in  terms  of  an  equivalent  coefficient  of  heat  transfer, 
h  tact  units  of  watts/(sq.in.)(°C)  or  fltu./(hr.) (sq.ft.) 
.  Thus  the  contact  resistance  R  is  expressed  by: 

1 

R  -  - -  (17) 

^contact 

e.  Notes  on  Contact  Resistance 


The  contact  i^esistance  investigation  results  of  reference  (1) 
are  reproduced  in  Fig.  7>  in  which  contact  resistance  is  cor¬ 
related  as  a  function  of  contact  pressure  using  various  steel 
surfaces .  The  surface  roughness  is  indicated  by  the  RIC  in¬ 
dex  value  which  is  the  root-mean-square  value  of  the  heights 
and  depths  of  the  minute  hills  and  valleys  which  form  a  mach¬ 
ined  surface,  Thve,  a  lapped  surface  with  an  RMS  of  2:  (h  mil¬ 
lionths  of  an  inch)  would  constitute  an  extremely  smooth 
surface. 

Figure  7  shows  a  wide  variation  in  contact  resistance,  especially 
at  the  lower  contact  pressures.  It  is  of  interest  to  convert  the 
contact  resistance  into  an  equivalent  length  of  material  whose  re¬ 
sistance  due  to  pure  conduction  would  be  the  same.  For  example, 
a  contact  resistance  of  1.0°C/watts/sq.in.  is  equivalent  to 
1.0/1.18  =0.85  additional  inches  of  steel  in  pure  conduction. 

The  1.18  figure  is  the  k  value  for  mild  steel  in  watts/(sq.in.) 
(®C)/in.  Hence,  a  relatively  rough  surface  contact  may  easily 
result  in  a  higher  thermal  resistance  than  the  metal  itself.  Re¬ 
ference  (1)  indicated  that  aliirainum  foil  placed  in  the  joint  de¬ 
creases  the  thermal  resistance. 

Reference  (2)  lists  considerable  experimental  data  for  joints  of 
various  materials.  Two  levels  of  roughness  were  used;  10  RMS 
was  considered  as  smooth,  and  50  to  100  as  rough.  The  surfaces 
were  clean  and  flat  to  ~  0.0001  in.  Figures  8  and  9  correlate 
contact  resistance  for  these  different  joints  with  pressure. 

Note  that  the  contact  resistance  of  the  aluminum  joint  decreases 
more  rapidly  with  pressure  than  for  the  steel  joint.  Table  (2) 
summarizes  the  contact  resistance  of  the  various  joints,  all 
tested  at  10  psi.  The  last  column  gives  the  resistance  of  the 
joints  when  filled  with  oil.  These  general  conclusions  follow; 

(1)  The  thermal  resistance  of  dry  joints  decreases  linearly 
with  pressure  for  steel.  The  thermal  resistance  of  dry 
joints  decreases  exponenti-illy  v/ith  pressure  foi'  bronze 
and  aluminum. 

(2)  The  thermal  resistance  of  both  dry  and  oil-filled  joints 
decreases  with  a  decrease  in  roughness. 
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DIVIDE  BY  273 
TO  GET 

DEG.  C.  SO  FT  OF 

CONTACT  RESISTANCE/UNIT  AREA*  wSJsT^IN  Btu 


TABLE  2 


ConsMtrison  of  Thermal  Conductance  Measurements  at  10  psi 


'Riemal  Conductance 

Joints  Surface  Boughness  Microinches  BTU/ (hr) (sq.ft) (  F) 


Surface 

n 

Surface 

#2 

Mean 

300°F 

Diy 

500°F 

Dry 

300°F 

Oil 

Steel  Smooth  vs.  Smooth 

3 

3 

3 

2200 

3600 

Rough  vs .  Rough 

70 

85 

78 

LOO 

800 

1350 

« 

No.l  Alum*  Smooth  vs .Smooth 

16 

17 

16 

1800 

3500 

Rough  vs.  Rough 

60 

60 

60 

1300 

1500 

2000 

No. 2  alum.  &nooth  vs .Smooth 

15 

10 

13 

1900 

2500 

- 

Rough  vs.  Rough 

20 

50 

50 

500 

650 

1600 

Bronze  Rough  vs .  Rough 

70 

80 

75 

800 

1200 

1200 

* 

No.l  Al\un«  Smooth  vs  .Smooth 

15 

90 

66 

800 

1600 

Steel  Surface 

Thermal  Conductivity  of  oil. 

•Sc  - 

271  to  398 

-6 

X  10 

cal,/(( 

an)^(sec . 

)(deg.C)/cm 

*  Alcoa  No.  A-51-S 
^  Alcoa  No.  18-3 


Also  I 

Steel  is  SAE  LlUO 
Bronze  is  AIS  U8U6 
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(3)  At  a  given  tenperaturet  preeaure  and  roughness,  the  theraal 
resistance  of  both  dry  and  oil>fllled  joints  decreases  in 
the  order:  steel,  bronze  and  aluminum. 

(U)  The  thermal  resistance  of  dry  joints  decreases  as  the  teag>- 
erature  Increases.  There  Is  no  such  relationship  tor  oil- 
filled  joints. 

(5)  At  10  psl  the  thermal  resistance  of  an  oil-filled  joint  is 
about  one-half  that  of  a  dry  joint.  The  effect  of  the  oil 
decreases  at  higher  pressures. 

(b)  The  thermal  resistance  decreases  if  one  surface  of  a  steel 
joint  is  copper  plated. 


Example  2:  Conduction  iilth  and  without  contact  resistance. 


/50CH 


al. 

~/oo  c. 


lists 


Fig,  10  Coiqpoelte  Bar  with  Contact  Resistance 

Figure  10  shows  a  composite  bar,  3/6”  diam.,  cross  sectional 
area  O.UO  sq.  in.,  made  up  of  1”  steel  (k  •  1.1b)  and  1/2”  al¬ 
uminum  (k  «  S«5)  insulated  on  the  sides.  One  end  of  the  bar  is 
maintained  at  150%  and  the  other  at  100%.  Assume  a  contact 
pressure  at  the  dry  joint  of  10  psi  and  a  contact  resistance  of 
1.83  for  contact  surfaces  of  70  BUS  roughness.  Problem:  Deter¬ 
mine  the  rata  of  heat  transfer. 


0.110  (ISO  -  100) 
TO  ♦  1.83 


S.S _ 

0.81:^  ♦  1.630  ♦  0.091 


(16) 


■  1.98  watts 


It  is  seen  that  in  this  particular  case,  the  resistance  to  heat 
transfer  oaused  by  the  joint  constitutes  1.83  x  100  or  66!(  of 
the  entire  resistaxwe.  ^.7btt 


The  heat  flow  rate,  neglecting  the  contact  resistance  is: 


4  ■ 


0.11  (ISO  -  100 

^  y  0.^ 


S.86  watts 


or  almost  three  times  as  great  as  that  wherein  contact  resie- 
taaoe  is  considered. 
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r.  Conduction  Across  Thin  Air  Gaps 

It  has  been  found  that  heat  transfer,  other  than  that  radiated, 
occxxrs  between  short  vertical  surfaces  by  gaseous  conduction 
for  distances  up  to  about  l/U"  (see  reference  5) •  Beyond  this 
distance  a  convective  effect  becomes  apparent.  At  distances 
greater  than  1/2"  the  convective  heat  transfer  increases  and 
approaches,  for  distances  greater  than  1",  a  value  equivalent 
to  that  for  a  heated  surface  in  free  air  having  the  temperature 
of  the  cooled  surface. 

In  dealing  with  thin  air  gaps,  say  l/U"  or  less,  it  can  be  as¬ 
sumed  that  the  primary  mode  of  heat  transfer  (other  than  radia¬ 
tion)  is  by  conduction  and  the  resistance  can  be  estimated  by; 

R  - 

k 

idle  re  L  is  the  thickness  of  the  air  gap  and  k  is  the  thermal 
conductivity  of  air  (see  Table  18)  at  the  average  air  tempera¬ 
ture. 

Conduction  Through  Other  Shapes 

The  foregoing  shows  that  pure  conduction  through  a  wall  or  bar, 
cylinder  and  sphere  is  relatively  simple.  All  other  shapes  are 
complex  and  usually  must  be  solved  by  graphical  or  numerical 
means.  Where  conduction  through  con?)licated  shapes  is  accont- 
panied  by  convection  or  radiation  or  both,  it  is  difficult  to 
define  the  problem  mathematically.  This  results  from  the  com¬ 
plexity  of  the  thermal  paths  associated  with  densely  packed 
electronic  equipment.  In  certain  instances  these  paths  Include 
"end  effects"  which  are  disregarded  in  conventional  heat  trans¬ 
fer  design.  Heat  flows  from  regions  of  high  to  low  temperature 
by  conduction,  radiation,  convection  and  combinations  of  all 
these  modes .  Further,  one  mode  affects  the  other  so  that 
densely  packed  electronic  equipment  represents  a  thennal  cir¬ 
cuit  wherein  it  is  difficult  to  apply  an  exact  analytical  treat¬ 
ment.  However,  there  are  instances  which  are  readily  applicable 
to  an  analytical  treatment,  an  exan^ple  of  which  is  forced  con¬ 
vection  over  electronic  tubes  wherein  the  heat  transfer  occurs 
primarily  by  only  the  one  mode.  Further,  these  conqplexities 
should  not  give  the  electronic  engineer  the  impression  that 
thermal  design  is  impossible  or  even  very  difficult.  The  heat 
transfer  characteristics  of  typical  assemblies  or  subassemblies 
can  be  determined,  if  necessary,  empirically,  and  thermal 
"bench  marks"  established. 
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h.  Conduction  Cooling  Notes 


Reference  10  presents  the  results  of  experimental  investiga¬ 
tion  of  cooling  electronic  parts  by  metallic  conduction.  One 
of  the  conclusions  was  that  "due  to  the  coitplex  nature  of 
heat  transfer  when  pure  conduction  is  taking  place  concurrently 
with  other  modes  of  heat  transfer,  an  adequate  general  correla¬ 
tion  of  the  data  is  not  practical."  It  was  found,  however,  that 
"con^jonents  largely  made  of  metal  and  fastened  in  firm  metal  to 
metal  contact  with  a  cooled  surface,  are  cooled  satisfactorily 
by  this  method."  In  general,  the  largest  metallic  surface  area 
of  the  part  should  be  in  contact  with  the  cooled  surface. 

Further,  it  is  stated  that  under  good  thermal  contact,  as  much 
as  50$  of  the  total  heat  dissipation  may  be  by  conduction. 

Also,  "the  temperature  rise  of  components  cooled  by  free  convec¬ 
tion  in  air  at  ground  level  pressure  may  be  decreased  30  to 
by  fastening  the  component  with  metal-to-metal  contact  to  a 
cooled  surface  at  the  same  temperature  as  the  ambient  air,  de¬ 
pending  .on  the  configuration  and  method  of  mounting  the  component." 

In  summary,  the  following  recommendations  are  important  regard¬ 
ing  conduction  cooling: 

(1)  Electronic  parts,  made  largely  of  metal,  may  be  efficiently 
cooled  by  conduction  provided  there  is  t,ood  metal-to-metal 
contact,  preferably  by  soldering. 

(2)  The  conduction  path  should  be  as  short  as  possible,  that 

is,  the  part  should  be  so  placed  that  its  smallest  dimension 
is  perpendicular  to  the  cooled  surface.  Also,  if  possible, 
the  largest  metallic  surface  of  the  part  should  be  in  con¬ 
tact  with  the  cooled  surface. 

(3)  Parts,  other  than  metal  ones,  may  be  cooled  by  conduction, 
although  less  effectively.  It  is  imperative  that  the 
thermal  resistance  at  the  contact  plane  be  low,  which  can 
only  be  obtained  if  the  surfaces  are  flat  and  smooth  auid 
if  the  two  surfaces  are  in  contact  under  pressure. 

2.  Free  Convection  in  Gases 


a .  General 


Heated  bodies  situated  in  a  gas  (or  liquid)  may  lose  an  appreci¬ 
able  percentage  of  heat  energy  by  free  convection.  Usually  the 
gas  is  air,  but  other  gases  which  exhibit  higher  coefficients  of 
heat  transfer,  such  as  helium,  are  sometimes  i^sed.  Heat  trans¬ 
fer  coefficients  of  gases  in  free  convection  are  usually  very 
low  when  compared  with  liquids  and  the  thermal  resistance  due  to 
the  free  convection  film  may  be  the  greatest  and,  hence,  the 
governing  factor  in  a  thermal  circuit. 
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b 


Units 


Symbol 

h 

c 

L 

k 


g 


c 

V 


A  consistent  set  of  units  must  be  used  in  both  free  and  forced 
convection  calculations.  It  may  be  convenient  to  use  the  mech¬ 
anical  engineering  system  of  units  since  the  properties  of  fluids 
are  usually  listed  in  this  system.  Table  3  lists  the  nomencla¬ 
ture  and  the  engineering  system  of  uivits  which  may  be  used  in 
both  free  and  forced  convection  equations . 

TaBLE  3 

Engineering  System  of  Units 
Free  and  Forced  Convection  Equations 

Nomenclature  Units 


Convection  coefficient  of  heat  transfer 

Characteristic  length 

Thermal  conductivity 

Acceleration  due  to  gravity 

Coefficient  of  thermal  expansion 

Density 

Viscosity 

Specific  heat  at  constant  pressure 
Velocity 


Btu/(hr.) (sq.ft. )(°F) 
ft. 

Btu/(hr.)(ft.X°F)/ft. 

U.17  X  10®  ft./hr.^ 

Cu.ft./(cu.ft.)(°F) 

Lbs./cu.ft. 

Lbs./(ft.)(hr.) 

Btu/{lb.)(°F) 

Ft. /(hr.) 


*  For  a  gas,  the  coefficient  of  thermal  expansion  is  numerically  equal 
to  the  reciprocal  of  the  absolute  temperature,  Vqj^. 


c.  Theoretical  Considerations 


The  basic  equation  for  the  free  convection  film  coefficient  for 
any  fluid,  either  liquid  or  gaseous,  is; 

_  .  c  ) 
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The  symbols  and  units  are  given  In  Table  3.^‘tls  the  teoqiera- 
ture  difference  between  the  surface  and  the  fluid.  C  is  a  con¬ 
stant  which,  in  general,  depends  on  the  shape  of  the  surface, 
while  the  e:q>onents  m  and  n  depend  on  the  magnitude  of  the 
groups  of  variables  in  the  parentheses. 


The  tenn  in  the  left  of  equation  (16),  h^L/k,  is  a  dimensionlese 
group  called  the  Nusselt  number,  Nu.  The  group  of  terns  in  the 
first  set  of  parentheses  on  the  right  is  also  dimensionless  an<i 
is  known  as  the  Qrashoff  number,  Gr.,  while  the  terms  in  the 
second  parentheses  are  a  dimensionless  group  known  as  the  Prendtl 
number,  Pr.  These  three  groups  are  impoirbant  in  free  convective 
heat  transfer,  and  equation  (16)  has  been  used  to  correlate  ex¬ 
perimental  data.  Furthermore,  this  equation  can  be  derived  by 
theoretical  considerations.  It  has  been  found  erqperlmentally 
that  the  magnitude  of  m  and  n  are  very  nearly  equal  and  equation 
(16)  may  be  rewritten  in  the  form 

h  -  C  i  (a  L^^lt)“  (19) 

c  L 

where  "a"  is  defined  ast 

a  -  p2c  (20) 

ytik 

The  significant  dimension  L  is  a  function  of  the  character  and 
position  of  the  convecting  surface.  The  following  table  lists 
1  values  for  the  more  common  shapes. 

TABLE  h 

SIGNIFICANT  DIMENSION  “L" 


Surface 

Position 

Length 

Plane 

horleontal 

(Leneth)x(Wldth) 
Length  *  li^idth 

Plane  (reottngular) 

vertical 

vertioal  height  but 
limited  to  ft. 

Plane  ( non-re otangular)  vertloal 

area 

horieontai  width 

Plane  (oireular) 

vertical 

0.765  X  diameter 

Cylinder 

horiaontal 

dianeter 

Cylinder 

vertical 

height  of  cyllnuor  uut 
limited  to  2  ft. 

Sphere 

0.50  X  diameter 
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For  irregularly  shaped  electronic  parts,  the  L  value  would  be 
that  of  the  most  similar  shape  or  surface  in  the  foregoing 
table . 

The  ejqponent  "m"  is  aej^ndent  on  the  value  of  aL^^t.  In  the 
range  from  aL^^i-t  -  ICr  to  lO^Ats  value  is  about  0.25.  If  the 
magnitude  of  aL'^^^  t  exceeds  10^,  the  value  of  m  increases  to 
0.33.  However,  the  range  10^  to  10°  includes  almost  all  elec¬ 
tronic  free  convection  calculations. 

Thus,  the  free  convection  equation  can  be  written: 

h^  =  C  J  (aL^^t)^*^^  (21) 

Reference  (11)  lists  values  of  the  constant  C  for  various  shapes 
and  surfaces.  In  general,  these  values  are  for  relatively  large 
dimensions  when  compared  with  subminiature  electronic  parts. 
Examples  of  applicable  shapes  are  boxes  used  to  house  electronic 
parts.  The  values  are  listed  in  Table  5. 

I1BI£  5 


Values  of  C  to  be  Used  in  Equation  (21) 


Shape  and  Position  C 


Vertical  plates  0.55 
Horizontal  cylinders  (pipes  and  wires)  0.1:5 
Long  vertical  cylinders  O.U5-0.55 
Horizontal  plates  facing  upward  0.71 
Horizontal  plates  facing  downward  0.35 
Spheres  (L  =  radius)  0.63 


In  using  equation  (21)  it  is  convenient  to  use  the  Btu-°F-foot  system. 
For  a  gas,  the  coefficient  of  tiiermal  expansion  is  equal  to  the 
reciprocal  of  the  absolute  temperature  or  l/®R  where  °R  ■  °F  + 

1:60.  The  properties  of  air  at  sea  level  pressure,  including 
the  "a"  term,  are  given  in  Table  13  (Appendix  C) . 

For  free  convection  in  air,  reference  (6)  includes  a  chart  which 
permits  solution  of  the  foregoing  equation  with  a  very  ininiamm 
of  calculation.  This  chart  has  been  reproduced  in  Figure  11. 

It  is  only  for  air  and  cannot  be  used  for  other  gases.  While 
the  usual  gas  is  air  there  are  iiistances  wherein  other  gases 
such  as  helium  might  be  used  within  a  sealed  unit  to  advantage. 

In  this  case  calculations  must  be  made  using  equation  (21). 
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d.  Example  Mo.  3 

The  following  example  illustrates  the  use  of  equation  (21)  and 
also  the  use  of  the  free  convection  chart. (in  .inoend-' x  envelope), 

(1)  Problem 

A  metal  container.  2U''  lon^  x  12"  wide  x  12"  high,  situated 
in  free  air  at  35“C,  has  a  surface  temperature  (average)  of 
85°C.  How  many  watts  can  be  dissipated  (exclusive  of  radi¬ 
ation  and  conduction)  by  free  convection  from  the  top  sur¬ 
face  only  to  the  air?  It  is  assumed  that  the  space  surround¬ 
ing  the  container  will  remain  at  35°C  (well  ventilated) 

(2)  Solution  by  Calculcition 

Step  (1)  -  Detemine  film  coefficient  by  use  of 
equation  (21). 

h^  -  C  ^  (aL^At)°-^^ 

t  -  85°C  -  185°F 

s 

t  -  35°c  -  95°f 

a 

Average  temperature  of  air  film  ■  •  1U0°F 

Pertinent  properties  of  air  at  liiO°F  (from  Table  18) 
k  -  0.0168  Btu/(hr.)(ft.)(°F) 
a  -  0.896  X  10*^ 

C  -  0.71  (for  horizontal  plate  facing  upward) 

At  -  185  -  95  -  90°F 

L  ■  V  •§j|  8  in.  ■  0.667  ft. 

h^  -  0.71  (0.896  x  10^  x  0.667^  x  90) 

■  1.25  Btu./(hr.)(sq.ft.)(°F) 

Step  (2)  -  Determine  total  heat  transfer  rate 

q  “  h  AAt  (Basic  equation) 

c 

A  “  12  X  2li  ■  268  sq.  in.  ■  2.0  sq.  ft. 

q  -  1.25  X  2.0  X  90  -  225  Btu/hr. 
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step  (3)  -  Convert  to  waxes 

225  Btu./hr.  X  y  ^  p  -  66.0  watts  total  heat  dis- 

sipation  by  free  convection 
from  top  surface  only. 

Mote:  The  calculations  for  the  heat  dissipation  from  the 

sides  and  bottom  of  the  box  may  be  made  in  a  similar 
manner  using  appropriate  constants  from  Table 

(3)  Solution  by  Chart.  Fig.  11 

Enter  top  right  quadrant  at  85°C  surface  temperature  and  pro¬ 
ceed  horizontally  to  35°C  air  temperature  line-  Follow  ver¬ 
tical  line  downward  to  30  in.  Hg.  pressure  (atmospheric)  in 
lower  right  quadrant.  Proceed  horizontally  to  horizontal 
plane  face-up  line  in  lower  left  quadrant.  Proceed  verti¬ 
cally  upwards  to  significant  dimension  line  of  8.0  in.  in 
upper  left  quadrant  (use  upper  group  of  lines).  Proceed 
horizontally  to  right  and  read  0.227  watts  per  sq.  in. 

Total  watts  from  upper  surface  is: 

0.227  X  12  X  2U  “65.1:  watts 
(this  is  in  close  agreement  with  the  calcu¬ 
lation  method) 

Note:  A  similar  example  wherever  the  heat  dissipation  is 
given  and  the  temperatures  are  to  be  found  is  pre¬ 
sented  on  page  96. 

e.  Free  Convection  from  Small  Confined  Parts 

Ref.  5  cites  free  convection  tests  of  tubes,  resistors,  relays 
and  transformers  in  confined  spaces.  Due  to  enclosure  effects 
and  the  irregular  configuration  of  the  parts  together  with  their 
smallness,  it  was  found  that  the  convection  heat  transfer  coef¬ 
ficients  were  greater  than  those  calculated  by  using  the  con¬ 
stants  in  Table  5.  The  test  data  are  best  fitted  by  the  follow¬ 
ing  equation: 

Nu  =  l.W  (Gr  X  Pr)°’^^  (22) 

(where  Nu,  Gr,  and  Pr  are  the  Nusselt,  Grashof  and  Prandtl  numbers 
respectively) . 

For  the  miniature  and  subminiature  tubes  tested,  the  height  was 
used  as  ttie  significant  dimension  L.  For  the  horizontal  resistors, 
L  was  defined  as  the  reciprocal  of  the  sum  of  tiie  reciprocals  of 
the  diameter  and  length.  For  the  relays  and  transformer^,  L  was 
taken  as  the  vertical  height. 
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Since  the  totil  heat  transfer  rate  q  by  free  convection  from 
the  surface  area  A  is  by: 


q  =  hAAt  (23) 

equations  (20)  and  (21)  may  be  combined  and  solved  for  the  dif¬ 
ference  between  the  surface  ana  fluid  temperature.  Ref «  10 
changes  the  ejqponent  of  the  Grashof  and  Prandtl  numbers  from 
0.23  to  0.25  (for  convenience)  which  results  in; 

,0.2  „  0.8 

it  •  0.75  i  ^  (21.) 


with  all  units  in  the  Btu. -foot-degree  F  system. 

The  application  of  equation  (22)  Is  given  In  an  example  In  the 
Liquid  Cooling  Section.  These  free  convection  equations  are 
applicable  to  any  fluid,  liquid  or  g^^seous. 


Radiation 


a.  General 

The  basic  equation  for  Ihe  net  exchange  of  radiant  energy 
from  a  surface  at  an  absolute  temperature  of  T^^  to  a  surface 
at  a  lower  temperature,  Tg,  is 


qj.  -  (TA  Fg  F^[(T^)'*  -  (T^)^ 


where: 


(T  is  the  Stefhan-Boltzmann  constant 

A  is  the  area  of  the  higher  temperature  surface 

(in  most  cases) 

Fg  is  an  emissivity  factor 
F„  is  a  configuration  factor 

The  units  to  be  used  in  the  general  radiation  equation  in  the 
two  systems  are: 

Btu-foot-hour-®F  (Vatt-Inch-Sec.°C 

System  System 


Btu. /hr.  Watts 

0.173  X  10“®  Btu./(hr.)(sq.ft.)(°R)^ 

0.0037  X  10"®  WBtts/(sq.in)(°K)^ 


sq.  ft. 


sq.  in. 


Same  in  both  systems  -  dimensionless 


Same  in  both  systems  -  dimensionless 

(T)°R  -  ii60  +  (t)°F  (T)°K  -  273  +  (t)°C 

3U 


The  emissirity  factor  F_  allows  for  the  departure  of  two  radiat¬ 
ing  surfaces  from  ideal  blackness  or  unilgr  emissivity.  In 
general,  is  a  function  not  only  of  the  emissivities  of  the 
two  radiating  surfaces  but  of  their  geometric  arrangement  as  well. 
For  mrallel  planes  which  are  large  compared  to  their  distance 
apart  and  also  for a  con^jletely  enclosed  body  which  is  large  com¬ 
pared  to  the  enclosing  body,  Fg  is  given  by: 


^1  ^2 


Where  6^,  and  6^  ^re  the  emissivities  of  the  two  surfaces. 

For  a  completely  enclosed  body  which  is  small  compared  to  the 
enclosing  body,  such  as  an  electronic  box  in  a  large  compartment 
or  room,  the  emissivity  of  the  enclosing  surface  has  little  ef¬ 


fect  on  Fg  and 


where  6^  is  the  emissivity  of  the  enclosed  body.  These  are  the 
more  general  configurations,  but  for  others,  reference  should  be 
made  to  "Introduction  to  Heat  Transfer"  by  Brown  and  Uarco  (ref. 
11). 

Tables  20  and  21  list  emissivity  values  of  various  surfaces. 

Dull,  dark  surfaces  are  good  absorbers  (or  emitters)  and  have 
high  emissivity  values.  Polished  surfaces  have  low  values  and 
can  be  used  as  radiation  shields  to  protect  parts  from  radiant 
heat  sources. 

In  the  case  of  enclosed  bodies,  the  area  A  in  the  radiation  equa¬ 
tion  is  that  of  the  enclosed  body.  The  configuration  factor 
takes  into  account  the  geometry  of  the  radiating  surfaces  and 
the  fact  that  not  all  of  the  radiation  froto  one  surface  may  reach 
the  receiving  surface.  In  most  cases,  such  as  the  iaige  parallel 
planes  and  enclosed  bodies,  F^  is  unity.  For  certain  other  con¬ 
figurations  F  may  vaiy  widely  and  much  infomation  is  given  in 
reference  11.“ 


Equation  (£5)  may  be  written  in  a  sli^tly  different  fom  for 
ease  of  solution.  Using  the  Btu-hr.-sq,ft.-°K  system,  it  is: 


qr  -  0.173  A  FgFa 


100/  \ioo)  . 


and  in  the  watt-sec. -sq. in. -°K  system 


0.0037  A  Fg  F^ 


It  \ ^  It  \l 
ri  \  _ 

\ioo|  ”  \ioo| 


iazss,  0-56-4 
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b.  Sxample  (ij)  of  Dse  of  Radiation  Eguailons 

Problem;  An  electronic  assembly  is  housed  in  a  steel  oox  painted 
with  a  dull  paint.  Its  dimensions  are  6"  x  12”  x  6”  high.  It 
is  mounted  in  a  rack  such  that  the  total  surface  area  is  exposed. 
The  average  surface  temperature  is  150°C  and  the  objects  sur¬ 
rounding  the  box  are  at  60°C.  Also,  the  suirfaces  surrounding 
the  box  are  in  relatively  close  proximity.  Estimate  the  radiant 
eneitgy  dissipated  from  the  box. 

Solution; 

A^  “  360  sq.  in. 

Fg  =  It  is  assumed  that  the  emis sivity  of  the  sur¬ 
rounding  objects  is  0.90.  From  Table  20  the 
emis sivity  of  the  surface  of  the  box  is  0.9U. 
Since  the  surrounding  objects  are  in  close 
proximity  to  the  box,  Fg  is  calculated  by 

Fg  =  - - -  =  0.852 

07511  *  o:w  ~  ^ 

F^  =  1.0 

Ti  -  150  +  273  =  U23°K 

T^  »  80  +  273  =  353 °K 

From  equation  (29) 

qr  -  0.0037<360) (0.852) (1.0) 

q^.  ■  186.8  watts  total  radiant  heat  dissipation. 

An  alternative  solution  is  by  use  of  the  two  radiation  charts 
Fig.  12,  from  ref.  (6),  one  for  the  lovrer  range  and  the  other 
for  the  higher  range  of  temperature.  Using  the  lower  range 
chart,  150°C  is  located  at  the  left  and  one  proceeds  horizon¬ 
tally  to  the  right  to  the  receiving  temperature  of  80°C  and 
then  vertically  downward  to  the  horizontal  scale  reading  0.615 
watts/sq.in.  This  is  for  the  ideal  black  body  only  and  must 
be  multiplied  by  Fg  and  F^  as  well  as  the  total  area.  Thus, 

qp  ■  0.615  X  Fg  X  Fg  X  A 

•  0.615  (0.852)(1.0)(360)  =  I88.8  watts 
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Conversely,  if  the  heat  dissipation  of  the  above  box  is  known, 
the  surface  temperature  can  be  coii^)Uted: 


<lj.  “  IBS  watts 
IBS  -  0.0037  (3.60)(.8S2)(1.0) 


T  -  U26°K 

=  U26-273  -  153°C 


.  Comparison  of  Radiation  with  Free  Conv'Ttion 

To  show  that  radiation  is  an  important  mode  of  heat  transfer, 
it  is  of  interest  to  compare  it  with  free  convection.  In  the 
foregoing  problem,  free  convection  acts  simultaneously  with 
radiation.  Assume  that  the  surrounding  air  is  at  80®C,  The 
following  tabulated  calculations  for  the  free  convective  heat 
transfer  arc  from  the  free  convection  chart,  Fig.  11. 

Example  (S) 


fbee  convecticw  from  box  of  example  (U) 


Surface 

Significant 
Dims ns ions, in. 

Area 

3q  •  Ufi  • 

Watts/ 
sq.  in. 

To  tel 
Watts 

Top 

12  X  6  _ 

li  +  6  ^ 

72 

X  0.393 

28.3 

Bottom 

12  X  6  _  .  „ 

li  +  6 

72 

X  0.193 

13.9 

Sides 

height  »  6" 

216 

X  0.276 

59.7 

Total  ■ 

101.9 

Hence,  in 

this  case,  the 

total  dissipation  from  the 

box  is 

168.8  (radiation)  plus  101.9  (convection),  or  290.7  watts, 
of  whiph  65  percent  is  by  radiation. 

Radiation  and  convection  usually  occur  simultaneously.  Since 
free  or  forced  convection  is  usually  described  by  a  convective 
coefficient  of  heat  transfer  hj.,  it  is  convenient  to  use  an 


equivalent  coefficient  of  radiation,  hj.,  so  that  the  two  co¬ 
efficients  are  additive,  thus,  for  a  surface  at  temperature 
tg  and  of  area  a  transferrin^,  heat  by  coiivection  to  tiie  sur¬ 
rounding  air  at  temperature  t^  and  siusultaneously  transferring 
heat  by  radiation  to  radiant  receiver  surfaces  at  temperature 
t^,  the  total  heat  transfer  rate  from  the  surface  by  these  two 
mooes  is; 

'^t  =  Qc  *  qr  "  (^c  •  ^r)  ^  (t^  -  t^)  (29b) 

The  radiation  coefficient  is; 

C-Fg  F,  (Tg^  - 

f’-r  =  f  :  (29c) 

~  ^a 

If  the  surrounding  receiver  surface  temperature  is  equal  to 

the  air  temperature,  T.  is  substituted  for  T  . 

®  r 

Design  Notes  on  Radiation 

Even  though  the  thermal  circuits  in  densely  packaged  electronic 
equipment  are  complex,  approximate  radiation  calculations  may 
be  made.  There  are  several  design  principles  v.'hich  may  b=.  used 
to  advantage  anu  v^ich  should  be  kept  in  mind; 

(1)  The  heat  transferred  by  mdiation  may  exceed  that  trans¬ 
ferred  by  convection.  Thue,  radiation  is  an  important 
mode  of  heat  transfer. 

(2)  For  maximum  heat  transfer  by  radiation,  "black"  surfaces 
must  be  used.  This  should  not  be  interpreted  to  mean 
that  all  surfaces  should  be  painted  bhiCk.  Some  judge¬ 
ment  must  be  exercized.  For  example,  vacuum  tubes  should 
not  be  painted  black  because  the  eraissivity  of  glass  at 
temperatures  as  low  as  100°C  is  equal  to  that  of  the  best 
blaok  paint  and  ’.vith  increasing  temperatures  becomes  slightly 
greater  than  that  cf  the  paint. 

(3)  For  a  given  difference  between  raoiatinf;  and  receiving 
surface  temperatures,  the  higher  the  level  of  temperature, 
the  greater  will  be  the  radiant  heat  dissipation.  This 

is  due  to  the  heat  transfer  being  proportional  to  the 
difference  in  the  fourth  powers  of  the  absolute  tempera¬ 
tures.  Tnus,  theoretically,  parts  should  be  operated  at 
their  maximum  temperature  ratings  to  realize  maximum  heat 
transfer  by  radiation, 

(1;)  Uncontrolled  radiation  can  caute  impaired  reliability. 

It  is  desirable  to  protect  temperature  sensitive,  or  low 
rated  temperature  parts,  from  overheating,  due  to  their 


proximity  to  higher  temperature  i.eat  sources.  Hence, 
low  temperature  parts  must  be  located  so  that  they  do 
not  "see"  these  sources  or  radiation  shields  must  be 
used.  Thin,  highly  polished  sheet  metal  shields  placed 
between  such  parts  can  be  very  effective  as  radiant  heat 
barriers.  The  shield  should  be  polished  on  both  sides. 
Also,  it  is  desirable  that  the  shield  be  soldered  to  the 
case  or  chassis  to  provide  a  good  conductive  heat  path. 

(5)  Placement  of  parts  in  an  electronic  assembly  to  provide 
maximum  radiant  heat  dissipation  requires  careful  con¬ 
sideration.  For  example,  a  tube  surrounded  by  other 
tubes  could  dissipate  little  radiant  heat  with  a  conse¬ 
quent  higher  temperature  rise  than  its  neighbor.  There 
may  be  occasions  due  to  assembly  limitations  wherein  a 
certain  part  must  be  given  special  treatment  to  provide 
adequate  cooling,  one  example  being  a  tightly  fitting 
tube  shield  soldered  to  the  case  or  chassis  to  provide 
a  highly  conductive  thermal  path  away  from  the  tube. 

li.  Radiation  and  Gaseous  Conduction 

Heat  transfer  can  occur  in  gases  primarily'  by  conduction,  across 
small  gaps  between  surfaces  at  different  temperatures,  if  convec¬ 
tive  effects  are  suppressed.  Radiation  and  gaseous  conduction  were 
studied  in  Ref.  (lO)  v/ith  respect  to  the  cooling  of  vacuum  tubes 
and  relays .  Each  part-  to  be  studied  was  enclosed  by  a  cylindrical 
brass  baffle  blackened  on  the  inside  and  immersed  in  a  constant 
teii53erature  bath.  The  spacing  between  the  tubes  and  baffles  was 
0.20  inch. 

It  was  concluded  that  exact  mathematical  correlation  of  the  data 
was  difficult,  since  the  heat  was  dissipated  simultaneously  by 
both  radiation  (a  function  of  the  difference  of  the  fourth  power 
of  absolute  surface  temperatures)  and  gaseous  conduction  (propor¬ 
tional  to  the  first  power  of  the  absolute  temperatures).  Further, 
nonisothermal  surfaces  and  effective  surface  areas  of  irregularly 
shaped  parts  complicated  the  analysis.  However,  tlie  tests  did 
produce  important  general  conclusions  which  are  in  accordance 
with  heat  transfer  theory.  These  are  listed  as  follows: 

a.  The  heat  transfer  betv/een  confined,  short,  vertical  surfaces 
occurs  onli'  by  gaseous  conduction  and  radiation  for  distances 
up  to  about  0.25  inch.  Convection  vras  only  apparent  with  a 
greater  separation.  Thus,  in  densely  packaged  equipment, 
free  convection  effects  are  probably  almost  absent. 

b.  Heat  transfer  Dy  gaseous  conduction  is  inversely  proportional 
to  the  aistance  or  spacing.  Hence,  for  optimum  heat  transfer 
the  spacing  must  be  very  small,  in  which  case  the  heat 
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transfer  by  gaseous  conduction  may  exceed  that  by  normal 
convection  of  unconfined  parts. 


c.  For  cylindrical  parts  surrounded  by  closely  spaced  black¬ 
ened  shields,  the  heat  transfer  rate  may  be  estimated  py 
the  following  two  equations: 


Conduction; 


'Ic 


2.729  k 


air 


i°eio  I  ~ 


(3u) 


where: 


k  is  the  thennal  conductivity  of  the  air  or 
gas  within  the  space 

tp  is  the  estimated  mean  temperature  of  the  part 

tg  is  the  temperature  of  the  shield 


Dg  and  Dp  are  the  diameters  of  the  shield  and  part 
respectively 


Radiation: 

^r 


where  t 


0.173  FgFa 


(31) 


Fg  is  the  emissivity  factor  having  a  value  be¬ 
tween  0.85  and  0.95  for  most  electronic 
parts  including  electronic  tubes,  as  long  as 
any  metal  parts  are  not  bright  or  polished 


Fj^  is  the  configuration  factor,  being  unity  for 

the  configuration  of  a  cylinder  enclosing  a  part 

Ap  is  the  area  of  the  part 


Tp  and  Tg  are  the  absolute  temperatures  of  the  part 
and  shield  surface  respectively 


The  total  heat  transfer  rate  is  the  sura  of  and 

'Ir 
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Prablems  involving  combined  modes  of  heat  transfer  are 
solved  by  trial  and  error  methods. 


d.  The  tests  of  reference  (10)  showed,  as  could  be  predicted 

from  heat  transfer  theory,  that  increasing  the  tube  and  shield 
temperatures  the  same  amount  results  in  greater  heat  transfer 
by  radiation  while  the  h-at.  uraiisfer  by  gaseous  conduction  re¬ 
mains  the  same.  Thus,  for  the  same  heat  dissipation,  the  temp¬ 
erature  difference  between  part  and  shield  temperature  is  less 
at  an  elevated  temperature  level  than  at  a  low  temperature 
level.  This  is  due  to  the  increased  effectiveness  of  radiant 
heat  transfer  in  accordance  with  the  fourth  powers  of  the 
temperatures . 

NATURAL  METHODS  OF  COOLING  EIJ:CTROiaC  PARTS 
1.  General 


Most  electronic  parts  have  been  designed  for  cooling  in  free  air 
at  one  atmosphere  by  natural  means,  primarily  by  radiation  and 
free  convection.  Conduction  cooling  is  usually  the  less  signifi¬ 
cant  mode.  The  ideal  free  air  environment  for  electronic  parts 
is  seldom  obtained  in  conventional  electronic  equipment,  and  prob¬ 
ably  is  never  achieved  in  miniaturized  equipment.  This  means 
that  the  parts  must  either  be  derated  or  provided  with  supplemen¬ 
tary  cooling.  Such  cooling  techniques  by  natural  means  are  dis¬ 
cussed  in  this  section.  The  recomaenoed  method  may  not  always  be 
oon^jatible  with  a  particular  design  and,  where  possible,  alternate 
means  are  presented. 

2.  Vacuum  Tubes 


a.  Hot  Spot  Locations 

The  modes  of  heat  transfer  within  vacuum  tubes  and  the  loca¬ 
tion  of  the  hot  spots  produced  during  operation  in  free  air 
are  discussed  in  Section  X.  -Note  that  the  primary  hot  spot 
is  on  the  envelope  opposite  the  plate,  that  the  secondary 
hot  spot  is  at  the  base  near  the  leads,  that  tubes  should  be 
cooled  in  a  manner  that  will  reduce  the  thermal  gradients  in 
the  glass  and  that  tubes  must  be  cooled  primarily  by  removing 
heat  from  the  glass  envelope  (See  Section  X).  In  general,  the 
hot-spot  tempierature  rise  on  the  envelope  opposite  the  plate 
of  a  tube  in  free  air  will  be  of  the  order  of  twenty  per  cent 
greater  than  the  average  envelope  temperature  rise. 

b.  Shields  for  Removing  Heat  from  Tube  Envelopes 
(1)  General 

This  section  is  concerned  witli  the  ability  of  tube 
shields  to  remove  heat  from  the  tubes  which  they  enclose . 
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A  tube  siii<  i.._  ;  ;:.l:  o  2.\:  uJj  '■  br'ical  i^hield 

arou::^  a''.-.'  a..b;'  lo  rjcrace  xn.^eraction  to  stray 
i’itlur.  It.  si.o.ii..  s.i;,  .  ort  tne  tube  occarely  in  its 
socket  agaar^t  vioration  ana  iiapact  in  any  plane,  and 
it  shoulc  protect  tiio  tat-  ana  its  leaas  irom  raeciianic- 
al  injury. 

There  are  three  heat  transfer  paths  from  a  bare  tube: 
radiation  from  the  envelope  to  surfaces  which  the  en¬ 
velope  "sees",  either  natural  convection  or  gaseous  con¬ 
duction  from  the  e.  velope  to  the  environmental  air  or 
gas  surrounding  the  tube,  arid  conduction  along  the  tube 
lead  wires.  Since  the  j^reatest  concern  is  the  glass  en¬ 
velope,  this  discussion  vri.ll  stress  the  former  mode. 

In  brief,  heavy'  gage,  short  leritun  wire  leads  wnich  are 
tiiermally  grounded,  tend  to  increase  heat  transfer  by 
conduction.  The  teiminals  of  the  leads  (away  from  the 
tube)  must  be  kept  cool  if  conauction  is  to  be  at  all 
appreciable.  In  general,  conduction  along  and  convec¬ 
tion  from  long  lead  wires  on  subniiniature  tubes,  is  not 
appreciable . 

The  major  mode  of  heat  transfer  from  a  bare  vacuum  tube 
is  radiation.  This  is  because  the  heat  transfer  by  radi¬ 
ation  is  a  function  of  the  difference  of  the  fourth 
power  of  the  absolute  temperatures,  whereas,  convection 
and  gaseous  conduction  are  functions  of  only  the  first 
power  of  temperature  difference.  If  a  tube  is  surround¬ 
ed  by  lower  temperature  surfaces  which  are  at  distances 
greater  than  one  inch  from  the  tube,  natural  convection 
will  occur.  The  heat  transfern^d  to  these  surfaces  by 
convection  'will  be  less  than  that  transferred  by  radia¬ 
tion,  If  the  surrounding  siu’faces  are  very  close,  say, 
less  than  one-half  inch  away,  ana  if  the  tube  is  enclosed 
in  an  airtight  container,  then  free  convection  becomes  in¬ 
effective  and  heat  will  be  transferred  by  gaseous  conduc¬ 
tion  to  a  s.-T.aller  degree  than  tioat  by  radiation. 

In  order  to  be  effective  in  reraoviiig  heat  fi-om  the  envel¬ 
ope,  the  first  ana  most  important  consideration  is  to  pro¬ 
vide  a  naninTum  of  contact  resistance  oetween  tiie  tube 
shield,  its  base  and  the  chassis  or  mo’onting  surface. 

The  mounting  surface  should  be  of  metal.  Nothing  is 
gained  by  mounting  tube  shields  on,  for  example,  a  pheno¬ 
lic  chassis, or  on  materials  of  low  thermal  conductivity. 
Such  materials  act  as  thermal  insulators  and  it  is  easily 
possible  to  overheat  a  well  shielueu  vacuum  tube,  even 
when  it  is  operated  well  within  its  dissipation  ratings. 
Ideally,  for  nnximum  heat  tra.nr>fer,  the  tu're  shield 
should  be  soldered,  brazed  or  bonded  to  the  netal  surface 
to  obtain  a  near  perfect  contact.  Riveting  or  bolting 
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a  shield  to  a  metal  surface  leaves  a  thin  air  gap  which 
constitutes  an  extremely  high  thermal  resistance,  prob¬ 
ably  much  more  than  the  resistance  of  the  shield  itself. 

For  effective  heat  removal,  this  gap  must  be  minimized 
and  preferably  eliminated.  A  poor  surface  contact  may 
cause  a  shielded  tube  to  operate  hotter  than  a  bare  tube, 
even  though  other  thermal  considerations  are  incorporated 
in  the  design.  It  is  not  advisable  to  use  a  tube  shield 
which  is  not  thermally  bonded  to  a  cooler  metal  surface. 

In  addition,  the  shield  should  fit  the  tube  envelope  as 
tightly  as  possible  to  reduce  the  air  gap  to  a  minimum. 
Perfect  contact  with  the  bulb  glass  is  difficul"^ .  One 
method  which  has  found  some  use  is  to  apply  silicone 
grease  between  the  tube  and  the  shield.  Unfortunately, 
this  method  is  not  usually  suited  to  the  maintenance 
techniques  of  the  Armea  Services.  In  general,  the  most 
practical  methcd  is  to  provide  some  flexibility  in  the 
shield  to  accommodate  expansion  and  variation  in  bulb  di¬ 
mensions.  For  example,  this  can  be  accomplished  by  slot¬ 
ting  or  splitting  the  shield. 

Further,  it  is  advisable  to  increase  the  absorptivity  of 
the  inner  surface  of  the  shield  to  increase  the  heat  trans¬ 
fer  by  radiation  from  the  envelope.  A  brightly  polished 
surface  is  a  poor  absorber  and  should  not  be  used.  A  dull, 
oxidized  and  blackened  surface  is  preferred.  If  heat  trans¬ 
fer  by  radiation  to  the  surroundings  is  desired,  then  the 
same  dull  surface  should  be  used  on  the  outer  surface  of 
the  shield.  On  the  other  hand,  if  temperature  sensitive 
parts  and  other  tubes  constitute  the  surrounding  objects 
(in  wh. '^1  case  radiant  heat  transfer  to  these  parts  is  not 
desired)  then  the  shield's  outer  surface  should  be  highly 
polished.  Thus,  the  surrounding  objects  influence  the  de¬ 
sign  of  the  shield.  In  geneial,  it  is  not  recommended 
that  radiant  energy  be  deliberately  expended  inside  an 
electronic  case.  The  heat  is  radiated  from  the  source  and 
dispersed  to  other  parts  in  an  uncontrolled  fashion. 

(2)  Miniature  Tube  Shields 
(a)  Conventional  Shields 


The  standard  type  miniature  tube  shield.  Fig.  13,  is  not 
too  satisfactory  from  the  heat  transfer  standpoint,  es¬ 
pecially  at  high  heat  concentrations.  Such  a  shield  is 
usually  a  heat  bariler.  The  blanket  of  air  enclosed  be¬ 
tween  the  shield  and  tube  envelope  is  too  thin  for  free 
convection  currents  to  form  and  heat  transfer  from  the 
tube  to  the  shield  is  only  possible  by  gaseous  conduction 


and  radiation.  Due  to  the  low  emissivity  of  the  brightly 
finished  shield,  a  large  portion  of  the  radiation  is  re¬ 
flected  rather  than  absorbed.  Further,  the  average  shield 
has  a  poor  thermal  contact  with  the  chassis  v/hich  prohibits 
heat  conduction  into  the  chassis. 

Miniature  tubes  enclosed  in  standard  pickel  plated  JAN 
type  shields  at  room  ambient  temperature  and  pressure,  show 
approximately  a  li5  per  ce!nt  increase  in  hot-spot  tempera¬ 
ture  rise  over  an  unshielded  tube.  One  organization  has 
found  that  the  provision  of  circumferential  slots  near  tiie 
base  of  the  shield  to  improve  convection  was  ineffective 
(ref.  5).  However,  convection  cooling  was  increased  by 
cutting  large  vertical  slots  in  the  shield.  With  both 
vertical  slots  and  a  blackened  standard  JAN  shield,  the 
envelope  hot-spot  temperature  seemed  8°C  cooler  than  the 
unshielded  tube.  However,  this  apparent  temperature  re¬ 
duction  was  due  to  a  shift  in  the  hot-spot  location  caused 
by  the  convective  cooling  of  the  tube  envelope.  In  general, 
an  unshielded  miniature  tube  will  be  cooler  than  a  shielded 
tube.  Therefore,  in  applications  where  electrostatic  shield¬ 
ing  is  not  required,  a  spring  type  "hold  down"  clamp  will 
usually  provide  better  cooling  than  a  standard  miniature 
shield,  provided  the  radiation  from  the  tube  can  be  tolera¬ 
ted. 

To  summarize,  the  bulb  temperature  rise  is  least  without 
any  shield.  Blackening  a  conventional  miniature  tube 
shield  appears  to  be  the  only  practical  method  of  lower¬ 
ing  the  temperature  rise,  if  such  a  shield  must  be  used. 

Even  so,  the  improvement  is  rather  insignificant.  The 
relatively  poor  ability  of  the  conventional  shield  to  faci¬ 
litate  heat  removal  from  the  tube  is  due,  mostly,  to  the 
poor  thennal  attachment  of  the  shield  to  the  chassis.  Con¬ 
duction  from  the  shield  to  the  chassis  is  greatly  impaired 
due  to  the  method  of  attachment.  * 

(b)  Radiation-Conduction  and  Radiation-Conduction-Convection 
Shields 


With  the  radiation-conduction  shield  (see  Fig.  Hi),  heat 
transfer  takes  place  by  combined  radiation  and  gaseous 
conduction  from  the  tube  to  the  shield  and  then,  primarily, 
by  metallic  conduction  from  the  shield  to  the  cooled  chassis. 
In  such  instances  the  thicker  shields  produce  relatively 
l<wer  temperatures,  due  to  the  larger  heat  conduction  path. 
However,  it  has  been  found  that  increasing  thickness  results 
in  diminishing  returns.  An  increase  of  from  1/32  inch  to 
1/16  inch  decreases  the  tube-to-sink  temperature  difference 
by  10  per  cent,  whereas,  an  increase  from  l/32  inch  to  3/l6 
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This  work  is  continuing  and  will  be  reported  in  a  future 
publication. 
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Inch  decreased  the  difference  by  only  20  per  cent, 
(ref.  10). 


The  heat  transfer  rate  from  the  radiation-conduction-con¬ 
vection  shield  is  influenced  by  the  size  of  the  air  gap 
as  well  as  the  number  of  slots.  With  small  air  gaps  there 
is  little  free  convection,  and  slotting  the  shield  pro¬ 
duces  high  temperatures.  Slotting  the  plain  shield  in¬ 
creases  the  heat  transfer  only  if  the  air  gap  is  relatively 
large,  say,  l/i*  inch.  The  number  of  slots  also  affected 
the  heat  transfer  although  no  correlation  was  apparent j(Soe  Fig. 15). 

Since  a  standard  noval  tube  shield  will  just  chamber  the 
standard  shield  base  made  for  a  seven-pin  miniature  tube, 
it  is  possible  to  obtain  a  more  effective  convection 
cooled  shield  for  use  with  nine-pin  noval  tubes  by  insert¬ 
ing  the  base  of  a  seven-pin  tube  shield  within  a  noval 
shield  (see  Fig.  16).  ^e  Junction  between  the  insert  and 
the  main  tube  shield  is  made  by  soldering,  care  being 
taken  not  to  fill  up  the  air  space.  This  modification 
will  permit  convection  between  the  tube  envelope  and  the 
shield  to  reduce  the  envelope  temperature.  It  is  parti¬ 
cularly  applicable  to  tubes  which  are  operated  at  full 
ratings  in  equipment  of  conventional  construction. 

(3)  Subminiature  Tube  Shields 
(a)  General 

The  majority  of  subminiature  tubes  are  used  in  radio  fre¬ 
quency  and  voltage  amplifier  applications  wherein  about 
two  watts  per  tube  are  dissipated.  At  this  power  level 
a  single  unshielded  tube  operating  in  free  air  at  25°C 
can  attain  an  envelope  temperature  of  110°C  at  thermal 
equilibrium.  Approximately  hOSt  of  the  heat  is  removed 
by  radiation  while  the  greatest  part  of  the  remaining 
60$  of  the  heat  is  removed  by  free  convection.  When 
this  same  tube  is  placed  in  a  subassembly  with  other 
similar  tubes,  heatixig  by  mutual  radiation  and  convec¬ 
tion  is  increased,  and  the  tube  envelope  temperature  can 
rise  to  225°C  at  equilibrium.  It  is  possible  to  allevi¬ 
ate  this  condition  by  using  tube  shields  designed  to  re¬ 
move  heat  from  the  tube  envelope  and  transfer  it  into  the 
chassis  by  metallic  conduction. 

An  assortment  of  subminiature  tube  shields  designed  for 
conduction  cooling  have  recently  become  available.  A 
rough  evaluation  of  several  types  of  subminiature  tube 
shields  now  in  common  use,  along  with  some  specially 
designed  shields  developed  in  this  Laboratory,  was  con¬ 
ducted.*  There  are  four  general  types  of  subminiature 

*  This  work  is  continuing  and  will  be  reported  in  a  future 
publication. 
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tube  shields  I  the  wrap-around  shield,  the  fuse  clip  type 
shield,  the  machined  aluminum  shield  anci  the  solid  metal 
block  type  shield.  The  selection  of  a  tiven  shield  de- 
perjds  upon  the  particular  requirements  of  the  electronic 
sub-assembly  involved. 

(b)  The  wrap-around  shield  (Fig.  17)  is  the  most  commonly  used 
in  current  electronic  equipment-  The  shield  consists  of 

a  cylinder  of  springy  metal  which  is  formed  to  fit  and  wrap 
around  a  subminiature  tube  envelope.  Heat  is  transferred 
from  the  glass  envelope  of  the  tube  by  radiation,  direct 
conduction,  and  gaseous  conduction  to  the  shield.  The 
shield  in  turn  forms  a  conduction  path  of  low  thermal  re¬ 
sistance  to  the  chassis. 

(c)  Another  type  of  subniniature  tube  mounting  utilizes  a  fuse 
clip  type  configuration  (Fig.  18)  in  which  a  spring  metal 
clip  is  used  to  hold  the  tube  in  position.  The  fuse  clip 
is  usually  riveted  to  the  chassis  or  support.  Some  fuse 
clip  mountings  are  long  and  cover  a  good  part  of  the  tube 
surface,  thus  providing  a  good  conductive  heat  path  away 
from  the  tube  envelope.  Small  fuse  clips  have  also  been 
used  to  hold  the  tube  in  a  favorable  position  for  free 
convection  and  radiation  cooling. 

(d)  The  cylindrical  shield  consists  of  an  aluminuji  tube  shield 
machined  out  of  a  slotted  aluminxim  tube  with  threads  on 
its  base  so  that  it  may  be  screwed  into  a  threaded  chassis 
(see  Fig.  191') . 

(e)  An  alternate  method  of  mounting  subminiature  tubes  has  been 

to  iiuort  the  tubes  in  a  drilled  metal  block,  the  holes  (Fig.  20) 
being  slightly  larger  in  diameter  than  the  outside  diameter 
of  the  tubes.  Metal  tube  blocks  of  this  type  have  been 
built  as  an  integral  part  of  the  outsiae  of  equipment  cases. 
Various  methods  have  been  used  to  hold  the  tubes  in  the 
block.  In  one  instance,  silastic  type  rubber  was  used  in 
the  form  of  a  ring  around  the  top  and  the  bottom  of  the 
tube  envelope  to  form  a  shock  mounting  for  the  tube.  With 
such  a  mounting,  the  primary  heat  transfer  niodes  from  the 
tube  envelope  are  by  radiation  and  gaseous  conduction  to 
the  metal  block  which,  in  turn,  provides  an  excellent  me¬ 
tallic  conduction  path  to  the  surface  of  the  equipment  of 
subassembly  case.  Another  technique  involves  wrapping  the 
tube  with  corrugated  aluminum,  silver  or  copper  foil  prior 
to  insertion  into  the  metal  tube  block.  The  air  gaps  are 
reduced  and  conduction  is  increased. 

(f)  Evaluation  of  Subminiature  Tube  Shields 
Initial  Considerations; 

The  analysis  of  the  thermal  characteristics  of  tightly  fit¬ 
ting  tube  shields  is  complicated  by  temperature  gradients 
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Fig.  18 

FUSE  CLIP  TYPE  SUBMINIATURE  TUBE  SHIELD 
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Fig  19 

SEVERAL  TYPES  OF  SUBMINIATURE  TUBE  SHIELDS 


Fig.  20 

DRILLED  METAL  BLOCK  FOR  MOUNTING 
SUBMINIATURE  TUBES 
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on  the  surface  of  the  tube  envelope,  and  the  envelope 
surface  temperature  measurement  errors  due  to  the  in¬ 
timate  contact  between  the  envelope  and  the  shield. 

It  has  been  found  that  shield  temperatures  are  mislead¬ 
ing.  In  order  to  minimize  those  errors,  small  holes 
were  drilled  in  the  shields  to  be  tested,  and  thermo¬ 
couples  were  inserted  and  attached  to  the  tube  envelopes 
with  Sauereisen  cement.  Some  inherent  error  exists  with 
this  method  since  tiie  thermocouples  were  on  a  part  of 
the  envelope  which  is  cooled  only  by  convection  and  radi¬ 
ation.  In  other  instances,  as  an  alternate,  temperature 
indicating  paints  and  lacquers  were  placed  on  the  surface 
of  the  tube  envelope.  However,  since  the  lacquer  or 
paint  was  in  contact  with  both  the  shield  and  the  envelope, 
the  indicated  temperature  was  somewhere  between  that  of 
the  envelope  and  the  shield.  These  techniques  were  con¬ 
sidered  satisfactory  only  for  the  determination  of  the 
relative  merits  of  the  shields  tested.  More  accurate  re¬ 
sults  could  be  obtained  by  inserting  thermocouples  into 
the  envelope  glass  or  by  attaching  thermocouples  to 
several  internal  tube  elements. 

Each  shield  was  mounted  by  soldering  or  by  other  low  re¬ 
sistance  means  to  a  brass  sink  plate  which  was  partially 
immersed  in  water.  This  provided  an  adequate  heat  sink 
urtiose  temperature  remained  constant  during  these  tests. 

Type  CK5703  tubes  were  used  throughout  and  operated  at 
3  watts  input  tc  thermal  equilibrium.  Extreme  care  was 
used  to  make  sure  that  the  entire  electrical  input  to 
the  tubes  was  dissipated  (no  electrical  output).  All 
tests  were  conducted  at  2U°C  ambient  and  sink  tempera¬ 
ture  at  sea  level  pressure.  Vftiere  possible,  the  tube 
shields  were  made  of  a  material  of  equivalent  thickness. 

i.  Fig.  21  presents  a  beryllium  copper  tube  shield  of  the 
wrap-around  type  and  shows  an  example  of  the  variation 
in  temperature  around  the  circumference  of  such  a  shield. 
The  temperature  gradient  of  72°C  over  the  shields  is 
typical  and  demonstrates  the  wide  variation  in  the  tube 
envelope  temperature.  It  also  serves  to  show  that  shield 
temperatures  do  not  give  an  accurate  indication  of  enve¬ 
lope  temperature.  In  another  test  the  plain  copper  wrap¬ 
around  shield  exhibited  a  tube  base  temperature  of  128°C 
(See  Fig.  22). 

ii.  A  special  ’wiap-around  shield  developed  at  C.A.L.  (See  Fig. 
19c)  was  fabricated  with  two  clips  on  the  bottom  to  clamp 
the  base  of  the  tube  for  seal  cooling  and  slotted  cir¬ 
cumferentially  to  permit  more  intimate  contact  with  the 
tube  envelope.  This  shield  lowered  the  tube  bulb  temp 
erature  rise  15*^  below  that  obtained  with  a  simple 
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T*rap-around  shield  (see  Fig.  22). 

iii.  Tests  performed  with  a  fuse  clip  type  mounting  7/l6  inch 
long  made  of  beiyllium  copper  (see  Figs.  18  and  22), 
showed  a  seal  temperature  of  860C  while  the  top  of  the 
tube  envelope  between  the  two  fuse  clios  was  liiO°C.  The 
temperature  half  way  down  the  clip  at  the  point  of  contact 
with  the  envelope  was  56°C. 

The  high  thermal  gradient  of  54°C  between  the  tube  envelope 
hot  spot  (above  the  fuse  clips)  and  point  of  contact  with 
the  fuse  clips  indicates  that  the  fuse  clip  type  shield 
does  not  evenly  cool  the  tube  and  that  severe  glass  en¬ 
velope  gradients  are  produced.  However,  the  tube  base 
temperature  with  the  fuse  clip  mounting  was  86°C  and  good 
overall  cooling  was  provided  by  conduction  to  the  sink, 
plus  free  convection  and  radiation  from  the  tube  envelope. 

iv.  Tests  performed  with  a  combination  aluminum  wrap-around 
tube  shield  (see  Fig.  22)  mounted  in  a  beryllium  copper 
fuse  clip  indicated  a  5.5°C  rise  in  tube  base  tempera¬ 
ture  over  that  obtained  with  a  single  clip.  This  is 
believed  to  be  caused  by  the  interference  of  the  aluminum 
shield  with  free  convection  and  radiation.  The  tempera¬ 
ture  of  the  shield  over  the  hot  spot  was  86°C,  while  half 
way  down  the  fuse  clip  the  temperature  was  essentially 
the  same.  This  indicated  that  the  aluminum  wrap-around 
shield  reduced  the  individual  hot  spots  by  distributing 
the  heat  more  evenly  over  the  surface  of  the  tube  envelope 
but  did  not  increase  the  conduction  heat  flow  through  the 
fuse  clip.  liVhile  the  seal  temperature  was  increased,  the 
use  of  the  wrap-around  shield  overcame  the  primary  disad¬ 
vantage  of  the  fuse  clip  type  in  that  the  severe  thermal 
gradients  on  the  envelope  were  eliminated. 

V.  The  aluminum  cylinder  type  shield  with  the  screw  base 
and  vertical  slots  developed  at  C.a.L.  (see  Figs.  19f 
and  22)  was  evaluated  with  the  shield  operating  in  the 
vertical  position.  The  temperature  of  the  tube  envelope 
ranged  from  Uii  to  ltl°C,  while  the  temperature  at  the 
bottom  of  the  shield  in  the  direction  of  heat  flow  was 
39°C  and  the  tube  base  temperature  was  88®C.  With  the 
tube  and  shield  in  the  horizontal  plane,  the  top  of  the 
shield  away  from  the  base  plate  was  and  the  tube 

base  temperature  was  87°C.  Since  the  shield  tempera¬ 
ture  was  not  significantly  affected  by  mounting  position, 
it  was  concluded  that  the  predominate  cooling  modes  were 
radiation  and  metallic  conduction. 

vi.  The  block  type  of  shield  was  first  tested  with  the  tubes 

suspended  in  the  holes  and  not  contacting  the  metal.  It  was 
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found  that  the  tube  base  tengserature  was  82°C,  the 
temperature  on  the  outside  of  the  block  opposite 
the  center  (hottest  point  on  the  tube)  was  32°C, 
and  a  little  farther  away  it  was  30°C.  The  en¬ 
velope  temperature  was  not  measured  because  it 
was  believed  that  this  test  was  not  conclusive, 
since  the  "chimney"  effect  provided  convective 
cooling.  With  the  tube  molded  in  "Silastic",  the 
ten?)erature  opposite  the  plate  on  the  outside  of 
the  tube  block  was  33®C,  and  the  tube  base  was 
lil°C,  This  is  not  considered  to  be  conclusive 
evidence  that  the  tube  block  is  superior  to  other 
shields  and  work  is  continuing. 

vii.  When  mounted  vertically  in  free  air,  the  tubes  used 
in  the  above  tests  exhibited  a  base  temperature  of 
103*^0  and  an  envelope  ten^jerature  of  163°C.  This  is 
ho  to  SO'^C  hotter  than  the  equivalent  miniature  tube 
at  the  same  power  input. 

(g)  Conclusions 

The  findings  of  this  evaluation  are  summarized  in  Fig.  22. 

i.  The  fuse-clip  type  shield  in  conjunction  with  a  flex¬ 
ible  wrap-aro\md  shield  is  superior  to  the  wrap-around 
shields  for  a  given  metal  thickness,  since  two  short 
parallel  cooling  paths  are  provided  by  the  clip.  Further, 
tube  replacement  is  easier  with  the  clip  type  shields . 

ii.  The  cylindrical  shield  seems  to  be  superior  to  all 
other  shields. 

iii.  Under  equivalent  conditions,  the  envelope  temperature 
of  a  subminiature  tube  with  a  good  thermal  shield 
will  actually  be  lower  than  that  of  its  miniature 
tube  counterpart  with  a  conventional  shield. 

It  is  realized  that  these  tests  omitted  several 
recently  developed  shields  and  that  these  findings 
are  not  entirely  conclusive,  but  only  representative 
of  the  several  tube  shields  evaluated. 

(h)  Design  Notes  on  Subminiature  Tube  Shields 

i.  Base  cooling  of  flat  press-type  subminiature  tubes  is  not 
provided  by  most  subminiature  tube  shields.  It  can  be 
accomplished  by  incorporating  springlike  clips  to  contact 
the  press  base  (see  Figs.  19b,  c,  d,  &  e).  With  such  a 
configuration  some  additional  cooling  can  be  achieved  by 
conduction  from  the  base  of  the  tube.  The  degree  of  cool¬ 
ing  obtained  depends  upon  the  heat  conducted  by  the  tube 
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leads  insiae  oi'  the  tube  and  the  contact  resistance 
between  the  clip  and  the  base,  base  coolint;  is  re¬ 
commended  in  instances  wherein  tiie  tubes  are  operated 
near  their  maximum  ratings  or  v;hen  the  optimum  cooling 
is  required. 

ii.  Several  tests  to  determine  the  effectiveness  black¬ 
ening  the  inside  of  tight  fitting  tube  shields  were 
conducted.  It  was  found  that  no  significant  temperature 
reductions  were  obtained.  This  was  believed  to  be  due 
to  the  increased  thermal  resistance  of  the  blackening 
materials.  Thin  black  oxide  films  were  later  used  and 
no  improvement  resulted.  Apparently  the  resistance  of 
the  blackening  materials  offsets  the  gain  obtained  by 
increasing  the  emissivity. 

iii.  Shields  shoula  be  made  of  a  highly  conauctive  naterial, 
preferably  copper  or  al\iminum.  The  shield  metal  should 
be  thick  to  provide  a  low  resistance  path.  Also,  the 
shield  should  be  designed  so  as  not  to  "crowd"  the  heat 
flow. 

iv.  Spring  materials  are  usually  necessary  for  tight  fitting 
tube  shields.  Unfortunately,  such  metals  are  relatively 
poor  conductors.  For  example,  beryllium  copper  is  only 
20^  as  effective  as  pure  copj^er.  The  use  of  spring  mstals 
can  result  in  temperature  gradients  in  the  shield  unless 
large  thicknesses  are  used,  a  con^romise  can  usually  be 
achieved  by  utilizing  pure  soft  metals  in  contact  vdth 
the  tube  envelope  and  compressing  the  shield  with  an  ex- 
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type  shield  type  shield  C20SS-SCCTION  ILlPOUGH 

CYLINDRICAL  SHIELD 

V,  A  brief  analysis  of  three  typical  tube  shield  types 
follows : 

Fig.  23a  shows  an  end  view  of  a  conventional  shield. 

Since  heat  enters  the  shield  radially  over  the  entire 
surface,  it  can  be  seen  that  the  shield  carries  ever 
increasing  heat,  starting  from  the  open  side  or  edge, 
and  proceeding  counterclockwise  around  the  circumference . 

A  better  shield  might  be  similar  to  that  shown  in  Fig. 

23b.  Here  the  heat  is  transferred  by  two  parallel  paths 
which  offer  less  resistance.  Fig.  23c  shows  a  shield 
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which  can  provide  ■v-cij  .'1  ctivu  c^olin^:;  .  hcte  a^ain  that 
if  the  conductive  pcid.  d.t.  cjolu^  juri'ace  is  to  be  ef¬ 
fective,  there  inust  ac  a  ijaoa  iX‘tallic  bond  betv/een  tlie 
shield  ana  the  sui’face.  Further,  the  tube  Cun  be  maintained 
at  a  permissible  surface  temperature  only  if  the  shiela  can 
transfer  the  heat  gained  from  the  tube  to  a  sink  at  lower 
temperature . 

c .  Unshielded  Tubes 

Vacuum  tubes  larger  than  the  subi^iiniature  types  can  be  opens  tea 
satisfactorily  without  shields  if  adequate  convection  cooling 
is  provided  and  if  the  tube  can  "see”  cooler  surfaces  (radia- 
ti.on).  Convection  cooling  can  be  increased  by  proviaing 
"chimney"  effect  devices  to  guide  the  air  flow.  Sub-moianting 
in  conjunction  with  a  "sink  strainer"  -.vlll  also  aid  convection 
cooling  (dee  Fig.  2k) • 

Resis  tors 

Most  resistors  for  electronic  circuitry  have  been  aesigned  for 
natural  cooling  in  free  air.  Resistors  differ  from  vacuum  tubes 
in  that  almost  any  power  can  be  dissipated  in  a  resistor 

provided  adequate  cooling  is  present.  Thus,  with  increased  cool¬ 
ing,  resistors  can  be  operated' successfully  at  increased  ratings. 

The  dissipation  rating  of  a  given  resistor  will  therefore  vary, 
dependent  upon  its  environment.  Resistor  deratings  are  based  on 
the  maximum  operating  temperature  and  are  published  by  resistor 
manufacturers.  This  section  does  not  incluue  such  inforr-ntion. 

The  average  1/2  watt  resistor  in  conventional  equipment  will  re¬ 
ject  approximately  kO  per  cent  of  its  heat  by  free  convection, 

10  per  cent  by  radiation,  and  per  cent  by  conduction  through 
the  leads.  There  is  not  mch  a  designer  can  do  to  increase  the 
Cooling  by  radiation  ana  natural  ccnvection  other  ti'.an  to  reduce 
ambient  temperature.  The  conduction  coolin^,  of  resistors  can, 
however,  be  greatly  increased.  iVith  sriall  resistors,  as  noted 
above,  considerable  conduction  cooling  can  taire  place  through 
the  leads.  Further,  vrith  a  1/2  watt  resistor  it  has  been  found 
that  a  36 rise  above  ambient  tenperature  vras  obtained  -with  zero 
length  leads  connected  to  a  sink  (ref.  13).  ^^ith  leads  one  inch 
long,  the  rise  was  5l°C.  Correspondingly,  tiie  lead  length  had  a 
greater  effect  when  larger  resistors  were  tested.  Therefore,  it 
is  suggested  that  larger  diameter  leads  be  used  vlth  resistors 
and  that  the  lead  length  be  minimized.  If  possible,  the  leads 
should  be  therroally  grounded  to  the  chassis. 

The  body  of  the  resistors  should  also  be  in  contact  with  a 
metallic  chassis  or  sink.  Clamping  to  the  chassis  has  been 
found  to  be  very  effective.  The  width  of  the  clamp  is  not  as 
important  as  the  fact  that,  by  clamping,  the  resistor  body  is  in 
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intimate  contact  ydth  the  chassis.  Further,  it  is  desirable  that 
the  thermal  conductivity  of  the  resistor  insulation  be  increased. 
This  will  aid  all  types  of  cooling . 

1; .  Iron  Core  Inductors 


Like  resistors,  iron  core  transformers  and  chokes  can  be  cooled 
effectively  by  conduction  cooling.  The  thermal  resistance  in  the 
core  is  usually  low  and  the  hot  spots  in  the  core  can  be  reduced 
by  cooling  the  external  surface  of  the  core.  The  core  should  be 
thennally  bonded  over  a  wide  area  to  a  heat  conducting  support 
or  chassis  connected  to  a  sink.  Care  must  be  exercised  to  prevent 
eddy  current  losses  due  to  possible  lamination  short  circuits  at 
the  bond. 

Increased  cooling,  together  with  size  and  weight  reduction,  can 
be  obtained  by  inserting  metal  heat  conductors  into  the  laminations 
and  windings.  In  one  instance,  the  temperature  rise  was  reduced 
by  2Q°C  and  the  weight  was  reduced  from  18  to  6  pounds  by  the  uti¬ 
lization  of  this  technique  (See  Fig.  25) • 

D.  NATURAL  lEIHCDS  CF  COOLING  ASSEaiBLlES 


The  thermal  design  of  individual  assemblies  should  be  based  on  two 
fundamental  concepts.  The  cooling  technique  should  be  such  that  a 
given  subassembly  rejects  a  minimum  of  heat  to  its  neighbors  and,  a 
heat  removal  termination  which  is  thermally  matched  to  a  "sink  connec¬ 
tion"  must  be  incorporated.  For  example,  several  subassemblies  devel¬ 
oped  at  this  Laboratory  were  provided  with  heat  "sink  connectors"  as 
well  as  electrical  connectors  and  the  tenperature  ratings  of  these 
devices  were  based  on  tiie  temperature  of  the  heat  removal  studs  at 
the  thermal  connector  (See  Fig.  26) (Ref.  ^) .  A  typical  subassembly 
had  a  heat  concentration  of  2.1  watts/in. a  unit  heat  dissipation  of 
1/2  watt/in. ^  and  was  i^ted  for  150°C  (500  hrs.life)  or  125°C  (5000  hrs. 
life)  maximum  "sink  connector"  temperature. 

The  primary  cooling  mode  must  be  selected  so  as  to  provide  a  path  of 
low  thermal  resistance  from  the  heat  producing  parts  to  the  sink.  Radi¬ 
ation  cooling  is  seldom  used  as  a  primary  mode,  since  excessive  tempera¬ 
tures  usually  result  and  the  heat  is  rejected  into  nearby  subassemblies. 
Convection  cooling  cannot  be  very  effective  unless  large  cooling  areas 
and  wide  part  spacings  are  available.  This  is  seldom  the  case  with 
miniaturized  equipments.  Conduction,  therefore,  appears  to  be  the  most 
desirable  natural  heat  removal  means.  Further,  the  heat  can  readily  be 
directed  along  a  desired  path. 

Conduction  cooling  can  be  effective  in  two  basic  types  of  assembly 
construction,  viz.,  those  units  using  plastic  embedment  anc  metal 
chassis . 

1.  Metallic  Conduction  Cooling 

Metallic  conduction  is  one  of  the  most  satisfactory  modes  of  heat 
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transfer  from  heat  producing  parts  to  the  "sink  connector"  in  a 
miniaturized  subassembly.  aS  previously  stated,  metals  have  high 
thermal  conductivities  and  it  is  therefore  advisable  to  use  metal 
tube  shields  and  other  metal  parts  in  the  thermal  circuits.  Sev¬ 
eral  typical  configurations  follow: 

a.  lletal  Block  Chassis 

This  type  of  construction  (see  Fig.  27)  involves  a  die  cast 
or  a  machined  metal  block  chassis  with  the  tubes  inserted  in 
cylindrical  holes  near  the  cooled  surface.  The  metal  block 
forms  the  outside  of  the  case  of  the  subassembly.  Case  wall 
thicknesses  of. 0.125  inches  are  commonly  used  and  thicknesses 
of  0.25  inch  have  been  used  in  equipments  of  high  heat  con¬ 
centration.  In  this  instance,  the  non-heat  producing  parts 
are  mounted  in  the  center  of  the  block.  They  maj^^^l^ p^^c^ 
at  an  edge  of  the  block  if  desired.  For  maximum^^temperature 
operation  it  is  advisable  to  thermally  isolate  the  tempera¬ 
ture  sensitive  parts  from  the  heat  producing  parts.  However, 
it  is  also  necessary  that  the  temperature  sensitive  parts  be 
thermally  grounded  by  a  separate  path  so  that  they  will  oper¬ 
ate  at  the  lower  temperature  level  of  the  sink  connector. 

Note  the  difference  between  the  good  and  poor  designs. 

b.  Metal  Chassis 


Metal  cases  and  chassis  are  comronly  used.  «.  typical  design 
is  presented  on  Fig.  2ba  (ref.  lu) .  These  subassemblies  util¬ 
ised  0.030  inch  thick  copper  cases  and  0.020  inch  thick  beiyllium 
copper  subciiassis  which  were  spring  loaded  against  the  inside 
of  the  cases  to  accomodate  expansion.  The  tube  shields  were 
bolted  to  the  subchassis  near  points  of  contact  vdth  the  case 
so  that  the  thermal  path  was  as  short  as  possible.  tVith  a 
heat  concentration  of  2.1  v;atts  per  cu.  inch,  the  te.mperature 
gradients  between  the  base  of  the  tube  shields  and  the  heat 
conducting  studs  ranged  from  2  to  17°  0. 

i!any  variations  of  tills  type  of  construction  are  possible. 

The  thermal  design  can  be  approximatea  by  utilizing  the  data 
presented  under  Item  d.  Unfortunately,  the  temperature 
gradients  across  joints,  rivets,  etc.,  cannot  be  accurately 
preaicted.  It  is  recommended  that  each  configuration  be 
simulated  and  the  temperature  gradients  across  the  discon¬ 
tinuities  be  measured  (see  notes  on  contact  resistance,  Sec.V). 

Hermetic  sealing  is  frequently  used  to  alleviate  undesirable 
environmental  effects,  an  such  instances  it  is  advisable  to 
inert  the  subassemuly  with  a  gas  having  a  high  thermal  con¬ 
ductivity  such  as  hydrogen  or  helium,  nn  additional  reduction 
in  the  thermal  gradient  can  thus  be  obtained. 
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i^tCQMMtWED  CONSTRUCTION  Pff^CTiCt 

metallic  cc\duction  cooling  to 


c.  Non.-.etal^ic  '..liisai. 


Chasiia  iii’  plastics  anc  sii.^lur  rt-isr.c Uil.lio  :»itanali  are  :iot 
recoM.'ier.aeci .  Tt.is  ~yp<-  oi'  oo;;str_,ctso:.  oaly  be  asev,  lor 

^evices  v;hich  aissi^jate  ^;Xtre;:.ely  Is.',  potver  s_ch  as  necirin^ 
aids.  Fig .  280  snc'.vs  an  exar.:  Ic  oi  -ai'-is  ttpie  01  cans  tr-cti j;.. 
The  tube  vd.ll  operate  .-.tuch  cool-.-r  ■..■iti.t'st  the  shiels.  Even  so 
ivhen  opera  tea  ivithout  the  ssiield,  in  sevtiral  ir.stanses  -.'.p 
radiation  fro";  tne  tube  cliarrta  ano  slackened  the  :ii'-ro_.s 
chassis . 

Plastic  Erribed::ent 


Heat  trar.sfer  in  g~bedaea  sacassc  .;ls-:s  a;  :'i;.L-r.ly  _  n^-^ctio;. 

through  she  tlastic  in  costunsticn  oitn  i.s  ;v;.-aci.scn 

in  the  varint^.  «.  nasheroi  sucii  .-lioasse:. slier  ins.:'.,, .. r..  tp 
in  .•netal  heat  co.aauctors  ana  are  i_t^...iiv  -s..;a  :y  tm^ilic  c..t- 
auction  cooling.  The  s^i.er.tial  sers^n  ri  tn-;,  lyzc  oi  s-^UiS .  e.'tiay 
shoulo  be  basea  on  ..et,ailic  co;:o'a.;tior.  ..iisne,  '..it;,  one  ,,.'_is:,ic 
serving  only  as  a  stractural  r.ediusw  H'^is  cos.str.iot..;'.  .t-dneu 
should  be  used  above  u.25  '.vatts/ ou -in.  The  follswir...  is  ^~::.izez 
to  those  types  which  rel^'  on  heat  conouctio!;  uu’ouj.;:  t.:s  .  laStic 
as  the  pri.tary  coolin._  i.ioue. 

In  general,  d'oe  to  the  poor  tnernai  :  :'::o'.;s  t.vity  oi  e.v- 

trene  care  :xist  behtilis^a  in  se.i  jnin,  a  pssteu  suL.assonsly. 
Ecibedicent  :Tateria..s  vinioa  cu;.  vcits.sta;::.  .  oua  ton;  e :'ai.;’e':  in  ex¬ 
cess  of  Icp^C  are  not  suirer.tly  aVaiL-slo.  .I'ith  he..:  .oncer.tra- 
tion  of  the  oraer  of  o.P  ..atto  cu.in. ,  exs'L.oive  t  ■orut.i;  e  ^  radl 
ents  can  easily  occur,  leaain,_  so  ::;echanical  frssture,;  u.-: 
plastic  and  fcii're  of  ek-ctronis  jxirts.  rcu'  su;.as,:e:tcli'jo  havin., 
heat  concentrations  less  tnan  a.a~  ..atts/c’,:  .in ,  'clas  tic  -.  ibeacit.  nt 
vd.ll  pro'.ioe  excel. en^.  ros.cvui.  F'vrti.er,  the  ov.'cr  han-llng 

capacity  of  '-'or.ventional  co.'.;'osi  tiv  r.  c;.irt  :n  resistors  tc;n  ce  in- 
creaseo  by  plastic  cinbednent.  Ebs-'escive  'net  .-,;'.ot  curface  te-u-era- 
tures  of  reSistors  can  thus  oe  iivoin-'.a.  rh,si'e  is.  ,a  nc  ,g  for  high 
temperature  embedrae.nr,  '.tite.rial  ir-;'va>:g  the  hi,. nest  ;’Os  .  .tie  t!  er:nai 
conductivity,  togeti;er  '.vitJ;  jow  ■  lcetric'..o  ecnuuctivit „  ir.tii 
such  a  riateri;  1  is  available,  ti.';  up,;  it  ca  ti,  n.:  of  ;,  b'..,t_c  ■' s.oe  cl¬ 
ient  shoulo  ne  li.tiit.ea  to  electr  r  ic  ec.h.cs.cnt  iv-.'kn,"  I'CV.'  ne.at 
concentrations . 


In  a  typical  instance,  f  n:r  tyj*'  T-s  ..l.o..e,'  -.er..  es'.beauc-  v.--ti. 
casting,  resin  to  fcir;  ;;yl:.n..o:'  s/i"  „la',:.  x  1  i/a"  ,r9f. 

15).  Difficulty  was  e.ope  zucncoo  i.itii  aZ'.-c.xe'u  ,;nu  0  vor.-'.eat.ed 
resin  at  3  v.'.atts  total  heat  d..  oxlpiatior. .  It  ..ar  noc  s.  ar;.'  to  in¬ 
corporate  alutiinum  laarticlos  -a  ti.  resin  in  order  to  acnitve 
satisfactory  thermal  perror..-i.uioo.  f;.-;  aaa..tio.'i  cf  fine  ."letal 
particles  -will  increase  th"  ..  riaactivh.y  a  e:..oecL  ient 

mate  rials  ,  aepenaing  upon  th-.  ...''tal,  '..‘r,.  .jaa.vtity  i.nvolvt'U,  .and 
the  particle  size. 


E.  THE  PUCEl^’T  OF  P..RTS  tflTHIN  ASaHaUES 


Uiijor  ix^nefi'^^s  can  be  achie-ied  through  the  judicious  placement  of 

electronic  :xirt,c  wlt'-'li;  aseeiriblics .  In  L  ’nernl,  it  is  desirable  to  locate 
:h-?  he:..  L  ;o\;)'c  c  .is  near  dS  possible  to  s.he  coolest  surface,  Ttiis  will 
;  rovide  the  shortebt  tiierTial  path  from  tne  source  to  tlie  sink,  together 
viltli  the  ni-T'j.p  chermal  gradient.  In  oixier  to  obtain  maximim  heat  trans¬ 
fer,  i.e,.t  ec’ooucing  parts  cooled  oy  raaiation  ana  conauction  should  al- 
-■rxyL  be  mouited  -.virii  tiieir  .tijor  aoces  parallel  to  cooled  surfaces,  '^en 
convectior  ocbli.n,^.  is  utiliroc.,  iicat  proaucing  rxirts  shoula  be  mounted 
with  iu-  j.r  longer  aimeiibijns  I'i  -ca'i ,  For  example,  vacuum  tubes  should 
be  vercical  becav.se,  ir,  ge’^ral,  they  will  operate  cooler  than  w’s^n 
mount  ec  .'.ori  za  ntal ly  .■ 

V/hen  heat  proaucing  electritnic  parts,  ccolea  by  con'  rction  and  radiation, 
are  r-ounte,,  Lr.  clo.>ely  spactu  cups,  .tuch  i.tutaal  heat  transfer  can  oc¬ 
cur  by  laoiation,  gaseous  co.nauction  ana  decreasea  .individual  co:  /ection 
coolin,_:.  Uncer  titese  conditions,  excessive  operating  temperatures  can 
easily'  be  obtained.  Such  arrangements  caii  be  very  unaesirable. 

■Vhen  it  is  necess,..ry'  to  group  such  heat  proaucing  parts  together,  metal¬ 
lic  concuction  C0Llir,g  is  recormxnaed.  Conduction  cooling  will  greatly 
reduce  tae  thermal  interaction  and  'will  permit  any  practical  spacing 
aesired.  If  .metallic  conduction  cannot  be  provided,  then  the  parts 
shculd  be  arranged  horizontally  to  form  a  "bank"  of  minimum  height.  If 
vei  tical  stackin_;  is  necesoa.".-,  the:,  the  parts  must  be  staggered. 

Hesistors  must  je  ie.-dtoc  v.-ron  m.rurited  in  i  rcups .  Fig.  . 29  illustrates 
tit?  per  cent  of  'Single  unL*  -’btirij^  vs.  tne  nu:.-.b?r  of  resistors  in  the 
bToup.  Separate  curves  are  give'.',  .for  five  different  spucings  anc,  in 
any  group  of  tlnee  or  more,  the  spacing  bef.veen  resistors  is  iaentioal . 

T'.vo  T'ercentage  scales  are  sho’/n;  o.ne  for  free  air  and  tne  other  for  a 
sns"  rr.closure,, 

oeverai  recomcoenaed  tec:.niop.;es  .ore  presented  in  Fig.  30.  Note  tnat  a 
:'olirhec  radiation  shield  wh.ch  i-  ti'.rrmally  bonded  is  provided  be- 
tv,-°en  the  rectifier  tebe,  resistor  and  temperature  sensitive  parts,  .. 
cy'.unarical  :nbe  sr.ield  '.-diiin  ,Ls  ccier.Tiall;  groitnded  is  placed  around 
another  vaci.'.m  tube  to  obtain  n: cued,  con'.'eccior  and  part  protection, 
r.’'  ;  seleniu:'.  i>3ctifuer..  arc-  abo'.'e  a  snield  ana  mountea  with  their  fins 
in  tne  vertical  poc  ;.t;. o:  . 

£_ •  i.jvTUHf\L  .*/£THCDd  OF  CObLI^iu  FTFulfHOhiG  E^'JIFi.ElT  CaSES 

Electrbiii.c  equipment  cases  a..'o  occasionally  designed  to  dissipate  their 
neat  to  tli.e  Lr  envj  ro.  j-firt  oy  corvection  ana  ra<iiation.  Such  a  coolirig 
tec/ui.i’ue  is  p.ractical  provlasd  the  unit  heat  dissipation  is  low,  or 
ti'.e  ambient  air  temfjerotcre  end  the  temp -o ra bare  surrounding  walls  is 
lo.v . 

Flgs.3ia  i  lib  present  the  predicted  temperatures  for  given  case  con¬ 
figurations.  Section  CT  presents  de.ta  .^or  computing  the  thermal  capa¬ 
city  of  this  type  of  equip.’aent  case. 
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NUMBER  OF  TUBES  IN  GROUP 
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FIG.  29  A 

GROUP  MOUNTING  OF  RESISTORS 


FIG  29B 

AIR  SPACE  CONDUCTANCE  CURVES 
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RECOMMENDED  CONSTRUCTION  PRACTICES  IN  CONVENTIONAL  EQUIPMENT 


VI.  FORCED  AIR  COOLING 


A.  GENERAL  THEORY 


Forced  air  cooling  of  a  heated  surface  is  a  more  effective  method  of 
heat  removal  than  free  convection.  Increasing  the  air  velocity  past 
a  heated  surface  results  in  a  decreased  resistance  to  heat  transfer 
across  the  air  film  and  increased  cooling  irtiich  may  be  several  times 
that  for  free  convection. 


Like  free  convection,  forced  convection  is  a  function  of  several  vari¬ 
ables  and  the  general  equation  includes  the  three  dimensionless  groups:  the 
Nusselt,  Reynolds  and  Prandtl  numbers.  The  equation  takes  the  form: 

Nu  =  C(Re)'“  (Pr)"" 


The  free  convection  equation  included  the  Grashof  number.  For  forced 
convection,  hcwever,  the  Grashof  number  is  replaced  by  the  Reynolds 
number  which  can  be  defined  by: 


where: 


Re  =  iif  or 


(33) 


L  is  a  characteristic  dimension 

V  is  the  air  velocity 

(3  is  the  air  density 

Ju.  is  the  air  viscosity 

G  is  the  mass  velocity  (pounds  air  flowing  across  a  unit 

area  per  unit  time) 


As  in  free  convection,  it  is  sometimes  more  convenient  to  use  the  Btu.- 
pound-foot-hour-degree  F  system  of  units  in  calculations.  These  are 
listed  in  Appendix  A . 


In  general,  the  type  of  flow,  either  streamline  or  turbulent,  is  indi¬ 
cated  by  the  magnitude  of  Reynolds  number.  For  example,  for  a  fluid 
flowing  vdthin  a  pipe,  if  the  Reynolds  number  is  above  3100,  the  flow 
is  turbulent  and,  if  below  2100,  the  flow  is  streamline.  The  tran¬ 
sition  from  streamline  to  turbulent  flow  occurs  in  the  region  from 
2100  to  3100.  The  mechanism  of  heat  transfer  in  streamline  flow  dif¬ 
fers  from  that  in  turbulent  flow,  the  latter  producing  the  higher  rate 
of  heat  transfer.  Since  forced  air  cooling  of  electronic  equipment 
usually  involves  turbulent  flow,  this  discussion  does  not  include 
streamline  flow  heat  transfer. 


1.  Flow  Ad  thin  Tubes  or  Pipes 


The  eq\:ation  for  the 
fluid  within  a  pipe, 
twice  that  of  water. 


film  coefficient  for  turbulent  flow  of  any 
except  those  having  viscosities  more  than 
is  given  by  equation  (3U),  (ref.  3).  For 


7U 


flow  within  tubes,  turbulent  flow  predominates  when  the  Reynolds 
number  is  greater  than  3100. 


Oh) 


Here  the  characteristic  dimension  is  the  inside  tube  diameter  D. 
For  the  Prandtl  n\unber  varies  little  with  temperature,  and 
equation  (3li)  nay  be  si^nqslified  by  substituting  0.69  for  the 
Prandtl  number  idiich  results  ins 


h 


c 


0.0198 


(35) 


Thus,  for  air  being  either  heated  or  cooled  within  a  pipe  (exchang¬ 
ing  heat  with  the  walls),  the  coefficient  of  heat  transfer  may  be 
approximated  by  equation  (35).  For  other  gases,  equation  (3ls) 
should  be  used. 

For  ducts  of  non-circular  cross-section,  the  equivalent  diameter 
Dq  for  use  in  these  equations  is  defined  bys 

Q  ,  is  X.  cross-sectional  area 
®  ’  cross-sectional  perimeter  ^ 


2.  Flow  of  Gases  Parallel  to  Plane  Surfaces 


The  film  coefficient  for  air  flowing  parallel  to  smooth  plane 
surfaces  is  given  bys 

he  -  0.055  (37) 

Here  L  is  the  length  of  the  surface  and  is  limited  to  two  feet, 
even  if  the  length  of  the  surface  is  greater  (ref.  11). 

3 .  Flow  of  Air  Across  Wires  and  Cylinders 

The  equation  for  the  film  coefficient  across  a  single  wire  or 
cylinder  takes  the  form; 
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lABlE  6 

(From  References  16  and  17) 

Constants  for  Use  in  Equation  (36)  for  Round  Cylinders 


D7P 


O.i; 

-  ii 

0.691 

0.330 

1* 

-  1*0 

0.821 

0.385 

Uo 

-  1*,000 

0.615 

0.1*66 

U,ooo 

-  1*0,000 

0.171* 

0.618 

U0,000 

-  1*00,000 

0.0239 

0.805 

The  constants  b  and  m, are  dependent  on  the  magnitude  of  the 
Reynolds  number  and  are  given  in  Table  6 .  The  air  properties 
should  be  evaluated  at  the  mean  of  the  arriving  air  and  surface  temp¬ 
eratures,  and  h  is  defined  for  the  difference  in  these  tempera¬ 
tures,  The  arriving  air  velocity  is  the  reference  velocity. 

U<  Flow  of  Air  Across  Cylinders  of  Square  Cross-Section 

The  equation  for  the  film  coefficient  for  air  flowing  normal  to 
the  aids  of  cylinders  of  square  cross-section  is  similar  in  form 
to  that  of  cylinders  of  circular  cross-section.  The  constants  b 
and  m  depend  on  the  orientation  of  the  cylinder  with  respect  to 
the  direction  of  airflow  and  are  given  in  Table  7  below; 

TABIE  7 

(From  Reference  17) 

Constants  for  Use  in  Equation  (38)  for  Square  Cylinders 


Cross  Section 

Reynolds  No. 

b 

m 

—  □ 

5,000  -  10,000 

0.0921 

0.675 

—  O 

5,000  -  100,000 

0.222 

0.585 

Note  that  the  constant  b  for  the  flow  parallel  to  a  diagonal  is 
more  than  twice  that  for  flow  parallel  to  a  siae.  Tho  character¬ 
istic  dimension  L  is  the  diameter  of  a  circular  tube  of  equal 
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cross-sectional  perimeter  and  b  and  m  are  defined  as  for  flow  across 
wires  and  cylinders. 

5 .  Flow  of  Air  Across  banks  of  Tubes  or  Circular  Cylinders 

The  correlation  of  the  data  for  the  flow  of  air  across  banks  of 
circular  cylinder  tubes  takes  the  same  form  as  equation  (36). 

The  Reynolds  number,  DVf^,  may  be  written  as  DG//i  where  G  is  the 
mass  flow  rate  in  pounds  per  hour  per  sq.  ft.  of  cross-section 
normal  to  the  air  flow.  The  value  of  G  in  the  correlation  of  the 
data  is  that  at  the  narrowest  cross-section  between  the  vacuum 
tubes  vrtiether  or  not  the  minimum  area  occurs  in  the  transverse  or 
diagonal  openings  between  tubes.  Thus,  Equation  (38)  becomes; 


The  constants  b  ana  m  depend  on  the  distance  between  the  tubes, 
the  tube  diameter  and  the  arrangement,  i.e.,  staggerea  or  in  line. 
Table  8  gives  the  values  of  b  and  m  obtained  by  Grim.-!iison  (See 
Ref.  17)  to  be  used  in  Equation  (36)  for  banks  of  tubes  10  rows 
deep.  The  term  and  Sip  are  the  longitudinal  and  transverse  tube 
pitches  respectively,  as  defined  in  Fig.  32. 


Fig.  32 

Tube  Bundles  with  Tubes  in  Line  and  Stagt,ered 
In  Line  Staggered 
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TABLE  8 

Reynolds'  Number  Functions  for  btajitiered  Tubes 

Values  of  b  and  n  to  be  used  in  niquation  (3b)  for  Airflow 
Normal  to  Tube  bundles  (Ref.  1?)  (10  row  deep  banks). 


1.25 

1.50 

2.0 

3.0 

b 

m 

b 

m 

b 

m 

b 

m 

Tubes  in  Line 

1.25 

0.31*8 

0.592 

0.275 

0.608 

0.100 

0.701* 

0.063 

0.752 

la 

0.367 

0.586 

0.250 

0.620 

0.101 

0.702 

0.068 

0.71*1* 

2.0 

0.1*18 

0.570 

0.299 

0.620 

0.229 

0.632 

0.198 

0.61*8 

3,0 

0.290 

0.601 

0.357 

0.581* 

0.371* 

0.581 

0.286 

0.608 

Staggered  Tubes 

0.6 

. 

0.213 

0.636 

0.9 

0. 1*1*6 

0.571 

0.1*01 

0.581 

1.0 

0.1*97 

0.558 

1.125 

0.1*78 

0.565 

0,518 

0.560 

1.25 

0.518 

0.556 

0.505 

0.551* 

0.519 

0.556 

0.522 

0.562 

1.5 

0.1*51 

0.568 

0.1*60 

0.562 

0.1*52 

0.568 

0.1*88 

0.568 

2.0 

0.1*01* 

0.572 

0.1*16 

0.568 

0.1*82 

0.556 

0. 1*1*9 

0.570 

3.0 

0.310 

0.592 

0.356 

0.562 

0.1*21 

0.571* 

In  general,  increasing  the  number  of  tube  rows  in  the  direction 
of  airflow  produces  increased  turbulence  towards  the  rear  of  the 
tube  bundle.  Hence,  the  heat  transfer  coefficients  are  greater 
for  the  tubes  in  the  rear.  Table  9  shows  the  ratio  of  the  mean 
coefficient  for  N  rows  to  that  for  10  rows  deep  (see  Ref,  3). 
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TABLE  9 


Hatio  of  Mean  Film  Coefficient  for  K  ibws  Leep  to  that  for  10  Hows  Deep. 


N 

D 

a 

0 

a 

6 

9 

10 

tiatio  for 
Staggered 
Rows 

ijn^ni 

0.9U 

0.96 

0.98 

0.99 

1.00 

Ratio  for 

In-line 

Rows 

0.6i; 

0.80 

0.87 

0.90 

0.92 

0.91; 

0.96 

0.98 

_ 

0.99 

B 

6.  Flow  of  Air  Over  Spares 

For  airflow  over  spheres,  the  film  coefficient  is  given  by; 


7 .  General  Heat  Transfer  Equation 

The  general  heat  transfer  equation  fcr  a  fluib  flowing  past  a  heated 
surface  is; 

q  “  he  A^tm  (Ul) 

where: 

A  is  the  area  of  the  heated  surface 
(^tjj  is  the  mean  temperature  differen  e  between  the  surface 

and  the  air. 

Since  the  air  increases  in  temperature  vdien  flowing  past  a  heated 
surface,  the  final  air  temperature  must  be  evaluated  by  a  thermal 
energy  balance  and  the  mean  temperature  difference  then  approximated 
as  the  average  air  temperature  minus  the  average  surface  temperature. 

The  amount  of  themml  energy  absorbed  by  air  is  given  by: 

q  =  wc^t  (U2) 

wne  re : 

w  is  the  airflow  rate  in  pounds/hr. 
c  is  the  specific  heat  in  Btu./(lb.)(°F) 

^t  is  the  air  temperature  rise  in  °F 
q  is  the  heat  rate  in  Btu./hr. 
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(43) 


For  air,  ^  is  given  by: 

w  ■  60  X  cfla  X  p 

where: 

cfm  is  the  airflow  in  cu.ft./nin. 
p  is  the  air  density  in  Ibs./cu.ft. 

The  flow  rate  in  cfm  is  equal  to  the  average  air  velocity  times 
the  net  cross-sectional  area  normal  to  the  directional  flow,  or 

cfm«VA  ([jh) 

V  is  in  feet/min.  and  A  in  sq.  ft. 

The  density  of  air  is  given  by  the  following: 

-t  fig-  <‘‘5> 

■\vhe  re : 


p  is  the  absolute  pressure  in  Ibs./sq.  in.  (or  barometer 
in  in.  of  mercury/2.036) 

t  is  in  °F. 

It  is  important  to  note  that  equations  (hi)  and  (h2)  are  the  two 
basic  equations  which  enter  into  heat  transfer  problems  involving 
forced  convection. 

8.  Heat  Tyansfer  vs.  Cooling  Power  Requirements 

The  power  required  to  force  air  over  objects  and  through  ducts  and 
heat  exchangers  varies  directly  with  friction  or  pressure  drop. 

Hi^  rates  of  beat  transfer  are  brought  about  by  high  air  velocities 
but  high  air  velocities  result  in  high  friction.  Hence,  the  price 
to  be  paid  for  high  heat  transfer  rates  is  the  relatively  large 
cooling  power  requirements. 

Ref.  (8)  presents  design  charts  for  the  forced  air  cooling  of  tanks 
of  electronic  tubes  based  on  the  minimum  cooling  power  requirements. 
This  work  is  useful  in  designing  for  optimum  conditions  and  ref¬ 
erence  to  it  is  recommended,  iurther,  prescsure  drop  charts,  to¬ 
gether  with  typical  examples,  are  presented. 
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FORCED  AIR  COOLING  DESIGN 


1 •  Use  of  Forced  Convection  Equations  in  Electronic  Design 

A  relatively  simple  problem  is  presenter  in  the  I'ollowirn,  socti-i. 
to  illustrate  heat  transfer  calculations  for  air  flowin^,  over  a 
small  electronic  box.  The  problem  involves  one  in  wdch  the  con¬ 
figuration  is  already  given  and  not  one  of  uetermininj^  tfie  Dest 
configuration.  For  more  aetailed  infonriation  on  oetiinu.T.  ae::i,^n 
methods  .  see  Ref .  '' . 

a .  Example  S 


Use  of  Forced  Convection  Equations 

an  electronic  box,  2  1,  2  in.  square  by  Ii  in.  high,  is  locatec 
within  a  k  1/2  in.  square  passagev^ay  in  an  electronic  as¬ 
sembly.  The  bottom  of  the  box  rests  on  the  bottom  of  the 
passageway.  top  view  is  shown. 


/^Low 


Problem; 

If  loo  cfm  of  air  at  i49°C  (120'^F)  is  available  and  if  the 
surfaces  of  the  box  are  at  93  .3°C  (iOO°F),  how  much  heat 
can  be  dissipated  from  the  sites  anu  tot  of  the  box  by  forcea 
convection? 


iirea  of  passageway: 
Arriving  air  velocity: 


u .5  ^  4-3 

niu 

IcO  cfm 

“oTHIi 


O.liil  sq.  ft. 

709  ft. /."'in. 


or;  709  X  to  =  u29u0  ft. Air, 
Approx,  average  film  temp.:  200  ^  120  =  1dO°F 

Properties  of  air  at  160°F  (from  Table  18  appendix  w) 


k  =  0.0172  Btu./(hr.)(ft.)(°F) 
^  =  0.061:  Ibs./cu.ft. 

=  0.0^0  lb./(ft.)(hr.) 


Equivalent  diameter  of  box 

Perimeter  of  box  = 
D  = 


diameter  of  circle  of  equal 
perimeter 

2 . 5  X  U  =  10  in . 


10 

TTx  12 


0.265  ft. 
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Heynolds  na.be r,  ^  ^  •  1I..1.00 

Film  coefficient:  Substituting  in  Equation  (38)  using  con¬ 
stants  from  Table  7 

^0^0l?2^~  *  (Hi, 300)°'^'^^ 

h  -  3.82  Btu./(hr.)(sq.ft.)(°F) 

Area  of  box:  Sides  U  x  2.5  x  U  »  1*0  sq.  in. 

Top  2.5  X  2.5  -  6.25 

Total  U6.25  sq.in.  ■  0.321  sq.ft. 

Temperature  difference:  Since  h  is  defined  for  the  difference 

between  the  surface  and  arriving  air 
temperatures,  the  At  Is: 

At  -  200-120°  -  bO°F 

Heat  dissipation  by  forced  convection: 

q  -  3.82  X  0.321  X  80  •  98  Btu./lir. 

Air  te&^Mrature  rise: 

Air  flow  -  100  cfm  x  0.068  x  60  ■  U08  lbs ./hr. 
Specific  heat  of  air  ■  0.2U1  Btu./(lb.) (°F) 

Air  temperature  rise  -  98  _  t  qO^ 

0.2hl  X  i;0b 


b.  Comparison  with  Free  Convection 

It  is  of  interest  to  compare  the  dissipation  by  forced  con¬ 
vection  in  Example  5  with  that  by  free  convection.  The  en- 
virOiTmental  temperature  surrc.’jnding  the  box  is  assumed  to  be 
120°F.  The  following  calculations  are  based  on  the  free  con¬ 
vection  chart  (Fig. 11). 


Surface 

Area 

Sq.in. 

Significant 

Dimension 

Film  Coefficient 
Watts/ 
(sq.in.)(°C) 

Watts 

Dissipation 

Top 

Sides 

6.25 

1:0 

2.5  X  2.5 

1.25  0.325 

0.162 

2.03 

7.28 

9731  Total 

2.5  +  2.5  ■ 

li.O 

Thus,  in  this  particular  case,  about  three  times  as  much  heat 
is  dissipated  by  forced  convection. 
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c .  Surface  Teaperature  Variation 


The  equations  for  the  film  coefficient,  of  j.ir  uncer  I'orcec 
convection  all  presume  an  isot-uermal  surface.  However, 
electronic  parts,  such  as  tuoes,  resistors  ana  enclosine 
boxes,  uo  not  have  isothermal  surfaces.  j.nu  consiaerable 
surface  te.uperaturc  variation  may  exist.  This  temperature 
variation  is  not  only  a  function  of  tne  internal  structure 
of  a  part  such  as  a  vacuum  tube,  for  exai.ple,  but  may  vary 
with  the  manner  in  which  it  is  coolea.  A  small  box  contain¬ 
ing  electronic  parts  usually  is  hotter  at  ti.e  top  tnan  at 
the  bottom.  Since  the  unit  oussipat  .  on  is  a  function  of  liie 
difference  between  surface  ana  air  temperature,  an  average 
temperature  must  be  used.  If  the  maximum  or  hot-spoc  temp¬ 
erature  is  used,  an  erroneous  and  too  high  a  calculated  heat 
dissipation  will  result. 

There  are  no  exact  rules  by  which  the  average  temperature 
of  a  heated  part  or  container  can  be  calculated.  Hov.'ever, 
a  reasonable  estimate  is  usually  satisfactory'.  Information 
on  this  matter  is  included  in  Section  X.  Also,  Ref.  {10) 
presents  so.me  data  related  to  the  temperature  cistribution 
over  the  surface  of  four  vacu’um  tube  types  cooled  by  several 
methods . 

It  is  possible  to  obtain  an  average  temperature  by  direct, 
experiment.  Thermocouples  can  be  pLiCcd  on  the  surf.ices  ci' 
an  object  anc  an  average  temperature  car.  uc  calcul.tec  on 
an  area-weighted  oasis.  Such  a  test  snoulc  oe  conuucteu 
ivith  whatever  coolin^  .methou  is  to  be  used.  With  forced 
air  co.nvection,  the  coolira,  is  most  effective  where  Uie  air 
is  directea  against  the  hoite.st  surface. 

2.  Finned  Surfaces 


The  effectiveness  of  forcea  air  coolir^^  Uw,uaily  can  be  increased 
by  providing  extended  surfaces  or  fins  over  widen  the  air  is  di¬ 
rected.  The  general  theory'  is  that  the  fins  provide  aacitional 
heat  transfer  surfaces  which  more  than  compensate  for  the  s.mail 
increased  resistance  to  heat  transfer  offered  oy  the  ;netal  of 
the  fi.TS. 

The  mathematics  of  fins  is  involvec  anc  will  not  be  presented 
here.  Excellent  treabnent  of  extenaea  s-rfaces  is  given  in  ifef . 
(16). 

There  are  several  important  general  factors  to  consider.  The  ex¬ 
tended  surface  should  be  of  a  good  heat  conaucting  -netal.  The 
fins  should  be  either  integral  with  the  part  or  bonded  bo  the  part 
in  perfect  metal  to  m^tal  contact  so  that  tiiere  is  a  .rdnimum  of 
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contact  resistance.  Short,  rather  thick,  fins  are  more  effective 
than  long,  thin  ones.  The  temperature  drop  from  the  base  to  the 
tip  of  a  long  fin  may  be  appreciable,  and  tends  to  make  the  fin 
less  effective.  Where  applicable,  weight  and  space  requirements 
should  also  be  considered. 

3 .  Sealed  Cases  With  Internal  Forced  Convection 

Electronic  assemblies  in  sealed  cases  with  internal  air  circula¬ 
tion  are  frequently  used  with  airborne  electronic  equipment .  The 
cases  usually  employ  an  internal  blower  to  provide  forced  air 
circulation  over  the  electronic  parts  in  order  to  transfer  the 
heat  to  the  case  effectively.  There  are  a  nuinber  of  variations 
of  such  sealed  cases,  including  integral  heat  exchangers  and  ex¬ 
ternal  blowers  (Ref.  20  and  21). 

The  application  of  sealea  units  permits  pressurization  so  that 
effective  forced  convection  can  be  maintained  at  high  altitudes . 
The  film  coefficient  for  forced  convection  varies  with  the  air 
density  to  a  power  close  to  unity.  Hence,  at  high  altitudes, 
convection  can  be  effective  only  if  the  case  is  pressurized. 

Also,  gases  having  higher  film  coefficients  than  air  might  be 
used.  Helium>  for  example,  would  have  a  film  coefficient  of  the 
order  of  five  times  that  for  air  based  on  the  same  mass  flow  rate, 
lbs ./(hr. ) (sq.ft. ) .  Thus,  the  use  of  gases  other  than  air  offers 
increased  cooling  potentialities. 

The  use  of  sealed  cases  has  largely  been  confined  to  relatively 
large  containers.  However,  the  advent  of  extremely  small  blowers 
should  make  possible  the  application  of  forced  convection  to  re¬ 
latively  small  sealed  cases. 

PRESSURE  DROP  AND  COOLING  POffSR  REQUIREMENTS 

1.  General 

An  important  consideration  in  forced  air  cooling  is  the  pressure 
drop  required  to  force  the  air  through  the  ducts  and  passageways 
and  over  the  parts  or  cases  to  be  cooled.  A  fan  or  blower  *  must 
furnish  this  energy  which,  in  turn,  is  usually  supplied  by  an 
electric  motor.  The  power  requirements  may  become  excessive  and 
the  electronic  designer  must  realize  that  forced  air  cooling  re¬ 
quires  the  expenditure  of  power.  Further,  this  power  is  ulti¬ 
mately  dissipated  as  heat  which  nay  add  to  the  overall  cooling 
problem.  Detailed  treatment  of  this  rather  complex  subject  is 
not  included  herein,  and  only  important  general  considerations 
are  reviewed. 


Note; 


The  terms  "fan"  and  "blower"  are  used  interchangeably. 


2.  Coolini;  Power  Requirements 


As  previously  nfir.tioned,  hi^h  air  velocity  results  in  hij,h  fiin 
coefficients.  To  obtain  air  moveinent  a  fan  or  blov/er  is  re¬ 
quired  to  increase  the  pressure  of  the  air  until  it  is  equal 
to  the  pressure  drop  or  resistance  of  the  system.  The  power  re¬ 
quired  for  a  given  system  is  a  function  of  the  flow  rate  and 
system  pressure  drop  and  is  ^^iven  by: 

Air  horsepower  (AHP)  =  0.000157  cfm  x  static  pressure  drop 

Wb) 

where: 


cfm  is  the  air  handled  in  cu.ft.  of  air  per  minute 
The  static  pressure  drop  is  in  inches  of  v^ater. 


Since  the  efficiency  of  a  fan  is  less  than  unity,  the  required 
fan  horsepower  is  given  by: 


Fan  horsepower  (FHP) 
where : 


0.000157  X  cfm  X  static  pressure  drop 
fan  static  efficiency 


uie  fan  static  efficiency  is  expressed  as  a  decimal,  or 

riatts  input  to  fan  =  O-H?  x  cfm  x  static  pressure  drop 

fail  static  efficiency 


3 .  Fluid  Friction  4  Pressure  Drop 

The  fan  must  be  selected  to  deliver  the  required  air  flow  at  a 
pressure  equal  to  the  sum  of  all  the  pressure  losses  of  tiie 
system.  In  addition  to  the  resistance  to  flow  offered  by  the 
electronic  parts,  whether  heated  or  not,  the  pressure  loss  or 
drop  must  be  estimated  for  each  item  in  the  flow  path,  including 
all  ducts,  elbows,  enlargements  and  contractions,  liirther,  if 
a  heat  exchanger  is  used  to  cool  the  air,  this  resistance  must 
also  be  considered.  Resistancw  to  flow  witnin  tubes  or  pipes 
and  ducts,  elbows  and  over  pipe  bundles  can  be  calculated.  For 
this,  there  are  several  available  references,  such  as  RQf.(3) 

It  is  oifficult  to  calculate  the  pressure  drop  through  densely 
packaged  electronic  equip-cents.  This  resistance  probably  is  a 
major  percentage  of  the  total  and  it  appears  that  it  can  be 
accurately  determined  only  by  test.  Such  test  procedures  and 
methods  are  described  in  Ref.  (6). 

The  resistance  to  flow  is  proportional  to  the  square  of  the  air 
velocity.  Thus,  fer  a  fixed  duct  and  electronic  package  design, 
the  resistance  is  proportional  to  the  square  of  the  air  flow. 

For  example,  in  a  fixed  design,  if  the  air  flow  is  doubled,  the 
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resistance  quadruples.  Also,  since  the  power  required  is  propor¬ 
tional  to  airflow  times  resistance,  the  power  becomes  eight  times 
as  great. 

.  Conversion  of  Cooling  Power  Into  Heat 

The  power  required  by  the  fan,  that  is,  the  power  defined  by  equa¬ 
tions  (1*7)  and  (1*8),  goes  into  the  air  to  increase  its  pressure, 
velocity  and  temperature.  It  is  conservative  to  consider  that  all 
of  the  input  power  is  expended  in  increasing  the  air  temperature. 
The  approximate  temperature  rise  of  the  air  due  to  fan  power  inputs 

At  177  X  fan  horsepower  /iqv 

^  "  cfm  X  density  of  air 

where* 

A  t  is  in 

air  density  is  in  lbs.=cu.ft. 

For  low  pressure  systems  this  temperature  rise  is  usually  small. 

The  losses  of  the  motor,  expressed  in  terms  of  power,  are  dissi¬ 
pated  in  the  form  ef  heat.  If  the  motor  ’.s  located  outsice  of  the 
air  stream,  such  as  one  driving  a  centrifugal  fan,  then  the  losses 
of  the  motor  are  dissipated  as  heat  to  its  environment.  Since 
motors  must  also  be  maintained  at  safe  operating  temperatures , 
ventilated  motor  spaces  may  be  required  to  prevent,  for  e^:o.mple, 
excessive  temperature  rise.  On  the  other  hand,  if  the  motor  is  lo¬ 
cated  in  the  air  stream  as,  for  example,  in  the  case  of  an  axial 
flow  fan,  then  the  entire  input  to  the  motor  is  dissipated  to  the 
cooling  air  in  the  form  of  heat. 

D.  FANS  AND  BLOWERS 


1.  General 

The  terms  "fans"  and  "blowers"  are  usually  used  interchangeably 
and,  in  this  manual,  these  terras  will  be  used  to  cover  all  air 
moving  apparatus.  Reference  (6)  contains  a  comprehensive  section 
on  fan  performance  and  selection  and  only  a  general  discussion  is 
presented  here. 

There  are  two  types  of  fans:  the  centrifugal  fan  and  the  axial- 
flow  fan.  The  type  to  be  selected  for  a  specific  cooling  problem 
is  dependent  on  several  factors,  such  as  airflow  and  pressure 
requirements,  efficiency,  speed,  space,  the  air  ducting  system, 
noise  and  fan  characteristics. 

2.  Centrifugal  Fans 

A  typical  centrifugal  type  fan  is  shown  in  Fig.  33.  The  three 
important  parts  are  the  housing  containing  the  ciir  inlet  and  out- 


86 


let,  the  rotor  containing  the  fan  blades,  ana  the  external  driving 
motor.  The  air  enters  the  housing  normal  to  the  side  and  is  dis¬ 
charged  in  a  direction  perpendicular  to  the  axis  of  rotation. 


Fig.  33  Typical  Centrifugal  Fan 


The  centrifugal  fan  usually  is  more  adapted  to  high  pressure  re¬ 
quirements  . 


3 .  Axial -Flow  Fans 

Axial -flow  fans  are  of  two  types:  the  so-called  propeller  type, 
shown  in  Fig.  3h,  and  a  more  efficient  design  shown  in  Fig.  35, 
comraonly  considered  to  be  more  truly  an  axial -flow  fan. 


Fig.  34 


Fig.  35 


Propeller  Type  Fan 


Axial  Flow  Fan 


There  are  several  types  of  construction  but  all  are  typified 
by  straight-through  flow  of  the  air.  The  axial-flow  fan  is  of 
mor“  efficient  design  and  is  a  higher  pressure  fan  than  the 
propeller  type. 
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1*.  Fan  Characteristics 


Fig.  36a  Characteristic  Curve  of  a  Centrifugal  Fan  at  Constant  Speed 

Fig. 36a  shows  -typical  performance  curves  of  a  centrifugal  fan 
riinniiig  at  constant  speed,  iVhile  there  are  various  types  of 
both  centrifugal  and  axial-flow  fans  which  have  different 
characteristic  curves,  in  a  general  way,  Fig-f^.a  is  typical. 

With  the  outlet  blocked  there  is  no  airflow  ana  usually  maximuin 
static  pressure.  At  maximum  airflow  or  free  delivery,  the 
static  pressure  developed  is  zero.  There  is  some  point  between 
these  two  extremes  where  efficiency'  is  a  maximum  and,  where 
power  is  important,  the  fan  should  operate  at  near  maximum  ef¬ 
ficiency.  This  requires  that  optimum  fan  tyr'c-,  size  ana  speed 
be  selected  to  celiver  the  specified  airflow  and  static  pressure. 

In  other  words,  the  fan  must  be  well  matched  to  the  system  re 
quirements . 

5.  Interrelation  Between  System  Resistance  and  Fan  Performance 

In  order  to  show  the  relation  between  the  duct  system  resistance 
characteristics  and  the  fan  perfonrance.  Fig. 36b, is  presented; 


Fig.  30b  Fan  ana  iiuct  dystem  lerform,  ncc 


First  consider  the  "system"  resistance  curve.  This  is  the  static 
pressure  -  airflow  characteristic  of  the  forced  air  cooling  system. 

For  example,  point  "A"  shows  that  at  m  cfm  airflow  through  the 
system,  the  required  static  pressure  is  n  inciies  of  water  at  a 
given  air  density.  The  pressure  drop  varies  as  the  square  of  the 
airflow  rate  so  that  the  system  resistance  is  a  squar^  curve.  The 
systaa  rating  point  is  that  where  the  system  resistance  curve  crosses 
the  fan  static  pressure  curve  or,  in  this  case,  point  "B".  Thus,  the 
airflow  will  be  m'  cfm  at  n'  static  pressure.  It  can  be  seen  that  it 
is  important  to  select  the  fan  so  that  its  static  pressure  curve 
passes  through  or  near  the  systan  resistance  curve  at  the  desired 
airflow  and  pressure  near  peak  efficiency  (if  efficiency  is  important). 
Further,  the  speed  and  noise  level  must  also  be  considered.  Refejv 
ring  to  the  example  in  Fig.  36b,  if  point  "A"  were  desired  but  a  fan 
was  used  having  characteristics  as  shown,  the  airflow  actually  de¬ 
livered  would  correspond  to  that  at  "B"  and  the  horsepower  would  be 
necessarily  high.  Hence,  Judicious  selection  of  fans  is  important. 

The  fan  or  blower  manufacttirer  can  be  of  great  help  in  proper  fan 
selection  and  it  is  suggested  that  his  advice  on  difficult  fan  prob¬ 
lems  be  solicited. 

COLD  PUTS  HEAT  EICHANGERS 

A  cold  plate  heat  exchanger  is  usually  a  cooled  plate,  chassis  or  panel 
on  which  are  mounted  the  elect-ronic  assemblies  and  subassemblies.  The 
plate  may  be  cooled  by  forced  air  flowing  through  tubes  which  are  in 
intimate  contact  with  one  side  of  the  plate,  or  the  plate  itself  may 
consist  cf  a  "sandwich"  type  heat  exchanger  through  which  the  air  is 
forced.  The  heat  from  the  individual  parts  is  usually  transferred  to 
the  surfaces  of  the  subassemblies  by  natural  methods . 

The  inherent  desigi  requirements  of  a  cold  plate  are  such  that  elec¬ 
tronic  boxes  and  parts  must  be  placed  in  intimate  contact  with  the  cold 
plate  heat  exchanger  to  provide  a  low  resistance  heat  path  from  the 
metal  boxes  through  the  plate  into  the  cooling  fluid.  This  requires 
careful  and,  perhaps,  expensive  construction.  The  plates  are  particu¬ 
larly  well  adapted  to  applications  wherein  free  air  convection  is  poor 
due  to  low  air  density  and  radiation  is  reduced  due  to  high  environment¬ 
al  terapierature.  Thus,  if  hermetically  sealed  electronic  components  are 
mounted  in  good  metal  to  metal  contact  with  a  cold  plate,  effective 
cooling  can  be  obtained. 

When  air  is  used  as  the  coolant  in  the  cold  plate,  the  air  flow  within 
the  tubes  or  heat  exchanger  passages  must  be  highly  turbulent  to  de¬ 
crease  the  resistance  to  heat  transfer  offered  by  the  air  film.  This 
causes  a  relatively  high  air  pressure  drop  with  consequent  high  power 
requirements.  Air  plates  described  in  Hefs.  18  and  19  were  designed 
for  pressure  drops  as  low  as  0.1  psi  and  as  high  as  10  psi.  It  was 
concluded  that  0.5  psi  is  the  most  practical,  since  duct  sizes  become 
excessive  below  and  power  requirements  above  the  0.5  psi  drop.  Design 
data  including  mathematical  prediction  methods  are  also  presented.  The 
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actual  performaiKe  of  chassis  of  various  sizes  has  been  measured. 
Configurations  and  heat  dissipations  were  within  15  percent  of  that 
predicted. 

A  low  resistance  path  must  be  provided  by  conauction  between  subas¬ 
semblies  and  the  surface  of  cold  plates.  Thus,  it  is  necessaiy  that 
the  cold  plates  and  subassemblies  have  smooth  and  flat  contact  sur¬ 
faces.  If  care  is  not  exercised  in  this  regard,  the  contact  resistance 
to  heat  transfer  can  be  excessive  and  the  thermal  advantages  of  the  uti¬ 
lization  of  cold  plates  may  not  be  realized.  It  has  been  foimd  that  it 
is  necessary  that  cold  plates  be  stiff  and  rigid  so  that  no  mechanical 
distortion  will  occur  when  the  subassemblies  are  firmly  mounted.  The 
method  of  attachment  of  the  subassemblies  should  provide  maintenance 
accessibility  and  be  such  that  component  replaceme..t  may  be  accomplished 
with  a  minimum  of  effort. 

The  subassemblies  may  be  attached  to  the  plate  by  bars  and  through- 
bolts  to  provide  good  metal  contact.  Gold  plates  have  been  built  with 
heat  dissipation  capacities  ranging  from  300  to  800  watts  per  sq,  ft. 
of  effective  plate  area.  In  one  instance,  the  problem  of  temperature 
rise  across  the  contacting  surfaces  between  cooled  chassis  and  component 
subassemblies  was  overcome  through  application  of  silicone  grease.  This 
method  replaced  any  existing  layers  of  air  with  a  material  having  a 
thermal  conductivity  from  50  to  100  times  greater  than  air. 

Because  of  the  difficulty  of  predicting  analytically  the  performance  of 
cold  plates,  it  is  usually  necessaiy  to  construct  several  experimental 
plates  in  order  to  determine  the  exact  design  parameters.  In  one  in¬ 
stance  (Ref.  18),  a  cold  plate  which  was  fabricated  by  milling  slots 
in  a  thick  aluminum  plate  and  screwing  a  cover  over  the  top  to  form  the 
cooling  passages  was  found  to  be  unsatisfactory.  Subsequent  cooling 
plates  were  made  with  plate-and-fin-type  heat  transfer  surfaces  of  dip- 
brazed  aluminum  with  inlet  and  outlet  headers.  A  variety  of  internal 
arrangement  types  were  constructed  with  different  fin  configurations. 

A  heat  dissipation  of  1.0  watt/sq.in.  of  cold  plate  surface  area  was 
obtained,  using  air  at  sea  level  pressure.  Both  sides  of  the  cold  plate 
were  used.  Hence,  a  12"  x  12"  cold  plate  could  dissipate  12  x  12  x  2  ■ 
288  watts  total.  In  order  to  minimize  the  temperature  drop  between  the 
electronic  packages  and  the  cold  plate,  clamps  were  required  to  provide 
adequate  contact  pressure.  The  major  difficulty  encountered  during  this 
development  was  in  maintaining  the  surface  flatness  of  the  cold  plates. 
See  Fig.  37 • 

While  most  of  the  current  literature  deals  with  cold  plates  for  high 
altitude  airborne  electronic  equipment,  the  basic  theory  and  design 
techniques  to  be  used  for  sea  level  operated  forced  air  cooled  cold 
plates  and  for  liquid  cooled  cold  plates  are  similar. 

In  general,  there  are  three  najor  thermal  resistances  to  be  considered 
in  cold  plate  design.  First,  there  is  the  resistance  from  the  heat  pro¬ 
ducing  part  to  the  metal  wall  of  the  case.  This  may  be  the  greatest 
and,  pertiaps,  the  controlling  resistance.  It  can  be  minimized  by 
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C/?OSS  SECTION  through  A  TYPICAL  FORCED 
AIR  COOLED  COLD  PLATE 

Fig  37 
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filling  the  container  with  a  better  heat  transfer  neoiun,  such  as 
silicone  fluid,  or  by  providing  conuuction  paths  of  metal  from  the 
stirface  of  the  part  to  the  container  walls  or  by  a  combination  of 
the  two.  The  second  najor  resistance  is  that  formed  at  the  junction 
of  the  container  and  the  cold  plats.  This  can  be  minimized  by  inti¬ 
mate  metal-to-metal  contact  under  pressure.  The  tiiird  i-esistance  is 
that  offered  by  the  coolant  flowing  in  the  cold  plate  heat  exchanger. 
This  may  be  relatively  hit,h.  If  air  is  the  fluid,  its  flow  must  be 
turbulent  to  be  at  all  effective  in  reducint,  this  high  resistance. 

On  the  other  hand,  if  fresh  water  is  the  coolant,  the  resistance 
would  be  made  relatively  very  low,  in  which  case  the  first  resistance 
(part-to-case)  would  probably  control  the  rate  of  heat  transfer. 

Care  must  be  used  in  determining  the  pressure  drop  in  air  cooled  cold 
plates.  Several  of  the  current  tediniques  for  measuring  pressure 
gradients  appear  to  be  questionable.  The  pressures  should  be  measured 
in  the  main  ducts  at  points  of  laminar  flow  not  in  heaaers  ana  nozzles 
viiere  pressure  probes  will  inaicate  a  range  of  values  aependent  upon 
their  location. 
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VII.  UQUID  COOUNG 


A.  GEMSRAL 

Liquid  cooling  systems  are  applicable  for  use  Yfith  electronic  equip¬ 
ments  irtiich  are  to  be  designed  for  operation  in  thermal  environments  of 
high  ambient  ten^jerature  or  with  high  heat  dissipations.  In  general, 
liquid  cooling  can  be  four  or  five  times  as  effective  as  forced  air 
cooling.  Liquid  cooling  systems  may  be  basically  classified  as  either 
direct  or  indirect.  In  a  direct  system  the  coolant  is  in  direct  con¬ 
tact  with  the  electronic  parts.  Heat  is  conveyed  directly  from  the 
heat  producing  parts  to  the  coolant,  which  serves  as  the  vehicle  for 
transferring  the  heat.  In  this  case,  the  liquid  is  the  primaiy  mode 
of  heat  removal  from  the  parts.  In  an  indirect  system,  the  liquid 
coolant  does  not  come  in  direct  contact  with  the  electronic  parts. 

Heat  is  removed  from  the  parts  by  natural  convection,  conduction, 
radiation  or  forced  convection  to  a  liquid  cooled  panel  or  heat  ex¬ 
changer. 

Liquid  coolant  systems  may  be  divided  into  five  types  which,  listed 
in  their  approximate  order  of  complexity,  are: 

1.  Direct  liquid  immersion 

2.  Direct  liquid  immersion  with  forced  circulation 

3.  Indirect  liquid  cooling 

U.  Direct  spray  cooling 

5.  Composite  indirect  liquid  cooling  systems 

1.  Shipboard  Applications  of  Liquid  Cooling 

In  recent  years  the  rainiaturiaation  of  equipment  and  increased 
power  dissipations  have  increased  the  heat  concentrations  of  elec¬ 
tronic  equipment  within  enclosures  to  the  point  that  the  limit  of 
shipboard  air  conditioning  and  ventilation  systems  has  sometimes 
been  exceeded.  In  addition  to  exceeding  the  thermal  limits  jf  the 
electronic  components,  the  high  heat  concentrations  have  made 
small  rooms  or  cabins  almost  uninhabitable  for  personnel.  With 
continuous  liquid  cooling  systems,  electronic  equipments  in  en¬ 
closed  spaces  may  be  cooled  without  adding  heat  to  the  compartments. 
This  may  simplify  the  ventilation  problem.  Perhaps  the  most  prac¬ 
tical  form  of  liquid  cooling  for  miniaturized  shipboard  equipment 
is  the  cold  plate  heat  exchanger  to  which  subassemblies  may  be 
attached.  The  subassemblies  should  be  designed  for  cooling  bj' 
natural  means  with  a  path  of  low  thermal  resistance  to  their  base 
for  transferring  the  rejected  heat  into  the  cold  plate.  Alternately, 
the  subassemblies  may  be  forced  air  cooled  to  transfer  their  heat 
into  an  air  to  liquid  cold  panel  heat  exchanger. 
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2.  Coolants 


There  are  a  nu.-nher  of  volatile  liquids  that  car;  oa  i^enerally 
classed  as  liquia  ca^olants .  Hcv/eve;  .  tha.  section  pertains  only 
those  liquids  which  are  hiqjhly  st:.ble  and  non-volatile  at  the  se¬ 
lected  operating  temperature  and  do  not  uncergo  a  change  in  state. 

3 .  Heat  Exchangers 

The  design  of  heat  exchangers  has  not  been  er.phasiaed  in  this 
Manual.  The  heat  exchangers  v\fcich  are  discussed  in  this  section 
are  based  on  the  design  assumption  that,  on  shipboard,  fresh  cool¬ 
ing  water  is  available  at  35^C  and  in  sufficient  quantities  that 
the  secondary  coolant  in  the  heat  exchanger  v/ill  have  about  a  3°C 
temperature  rise.  The  temperature  of  the  coolant  leaving  tne 
heat  exchanger  should  not  be  lower  than  auout  If  the  coc‘- 

ant  is  at  a  lower  temperature,  the  pipinj^  ;nay  be  below  the  oew 
point  temperature  of  the  ambient  air,  ano  condensation  of  atmos¬ 
pheric  moisture  may  taJ<e  place,  being  apparent  in  extreme  cases 
as  "sweating"  of  the  pipes  and  associated  clectionic  equipment. 
Condensation  must  be  avoided,  especially  when  electrenic  equipment 
is  located  in  compartments  having  air  of  high  humidity  ^  -c- 

cause  of  this  condition  the  higher  coolant  temperatures  (3i3'^C) 
have  been  selected  for  use  design  examples.  For  operation  in 
the  tropics,  it  is  recommended  that  50®C  coolant  temperature  be 
used  in  order  to  prevent  conaensation  damage  aboard  ship,  in  ve¬ 
hicles  and  in  all  grouna  bas^ d  equipment. 

B.  THEOFCC 

1.  General 


As  previously  mentioned,  electronic  parts  nrrrally  dissipate  heat 
by  radiation,  free  convection,  metallic  conduction  and,  whore  the 
spaces  between  parts  are  small,  by  gaseous  conduction.  When  the 
surrounding  fluid  is  a  licviia,  the  effects  of  radiation 
dissappear  and  the  heat  is  dissipated  by  combined  free  con¬ 
vection  and  conduction.  The  gaseous  conauction  effect  is  presenu, 
particularly  in  densely  packaged  units.  In  free  air  considerable 
heat  transfer  between  short  v-.-  bical  surfaces  occur.s  by  gaseous 
conduction  for  distances  up  to  vbout  1/U  inch.  It.  is  probable 
that  a  similar  situation  exist.^  when  a  liquid,  rather  than  air, 
is  the  surroundint,  fluid.  Thus,  both  high  thenml  conductivities 
and  convection  coefficients  ar.r  desirable. 

The  equations  for  free  convection  from  unconfineu  surfaces  given 
in  Section  V  ^re  applicable  to  any  fluia,  gaseous  or  liquid.  Un¬ 
like  air,  however,  simpllfiec  charts  are  not  availaole  for  free 
convection  in  liquids  and  equations  iTust  be  used  in  -estimating 
the  film  coefficients.  The  general  form  of  the  equation  for  free 
convection  from  an  unconfined  surface  is  also  given  in  Section  V. 
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{^enerul  dijcuscion  of  trie  lieat  transfer  fror.;  an  ilectronic 
iCLTiersed  in  a  liquid  is  in  order.  Consiucr  a  :.oat  :>r ou j  u..' 

a  vacuu.Ti  lube  within  a  sinall  liquid  filled  metal  box  vn.xch  (for 
simplicity)  -s  suspended  in  iir.  The  heat,  .must  be  trai.xiei  rou  f  ir.  t. 
by  free  convection  froi.:  the  surface  of  the  tube  to  tlie  liquid,  ti.en 
by  free  convection  from  tiie  liquid  to  t.he  walls  of  the  box  and  ti.en  hy 
conduction  through  the  metal  walls,  r’rom  the  walls,  the  i.eat  is  trans¬ 
ferred  to  the  surrounding  air  by  co.oibi.ned  c.invectio.n  and  r.idiation. 

The  thermal  circuit  is  best  vi.sualize^'  b;,  an  olectrical  analogy  wherein 
each  thermal  resista.nce  is  r^;  r'.;ar:ted  tr.'  an  •  lectrical  res  istance.  I'he 
heat  transfer  is  represented  by  tine  c  irrent  and  the  overall  At  (surface 
temperature  of  part  minus  surrounding  air  temperature)  .-nd  cy  the  sclt_ge 
required  for  t'  e  flov;  of  the  curre.ut  tnrougn  these  resiawnces.  Fir.  3S 
shows  the  equivalent  electrical  circuit. 


Fig.  3t)  Ecsuival' er.l  Electrical  Circuit 


Electrical  torrespondlr.g 

Resistance  Ti-enml  .l.-s -Stance 

Rq  Liquid  !;•  o.u  .surface  of  parts 

R2  Liquid  f:  1::;  on  inner  surface  of  box 

R3  '.Jails  uf  box 

R|^  ^ir  f.:m  un  outer  box  -urfaoc 

Rq  That  vO  radial  1. on 


T..n  current  flow  it  given  by: 


It  ].iay  be  difficult  to  solve  sue!  h  circuits  s  nee  the 

.  n  'Lrt.  icec  are  not  well  defined,  r.cc ,  only  pu'oximations  a’T 
.i-;;.iail^,  utilizeu. 
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The  analogy  is  \iseful  in  determining  the  relative  value  of  the 
At's  across  each  resistance.  In  the  example  discussed  here, 
the  resistance  due  to  conduction  across  the  metal  vralls  of  the 
box  is  probably  smll,  in  fact,  almost  negligible  compared  with 
the  parallel  resistance  combination  of  R.  and  due  to  free 
convection  in  air  and  radiation.  Since  the  resistance  due  to 
free  convection  in  liquids  is  considerably  less  than  that  for 
air,  R^  and  Rp  each  will  be  considerably  smaller  than  the  R^ 
and  R^  combination.  Thus,  the  main  resistances  in  this  instance 
will  be  caused  by  the  free  air  convection  and  radiation  combina¬ 
tion  with  a  relatively  smaller  contribution  to  the  overall  R  due 
to  R^  and  R2,  the  R^  (metal  walls)  being  negligible.  The At's 
across  each  resistance  will  correspond  to  the  relative  values  of 
the  resistances.  This  "relative  resistance  concept"  should  al¬ 
ways  be  kept  foremost  in  mind.  In  the  liquid  filled  box  example, 
a  given  q  or  wattage  dissipation  may  cause  the  surface  temperature 
of  the  part  to  become  excessive,  due  to  the  poor  heat  transfer 
properties  of  the  free  air  outside  the  box,  in  spite  of  the  much 
better  heat  transfer  propertiasof  the  liquid.  It  is  important  to 
consider  the  overall  heat  transfer  problem  and  the  effect  of  a 
high  series  resistance  far  removed  from  the  part  in  question,  on 
the  surface  temperature  of  that  part. 

2 .  Example  6 

To  illustrate  the  use  of  heat  transfer  calculations,  the  follow¬ 
ing  example  approxiraatint,  the  average  surface  temperature  of  an 
electronic  part  immersed  in  a  liquid  is  presented: 

Given; 

k  thin  metal  case  1  1/2"  x  3/U"  x  3  1/2"  high  is  painted 
black  on  the  outside  and  suspended  in  free  air  at  100°C. 

All  surfaces  which  the  case  "sees"  are  assumed  to  be  at 
100°C. 

Three  subminiature  vacuum  tubes,  each  approximately  1  3/U" 
high  by  3/8"  dia.  (bulb  surface  area  of  2.18  sq.  in.)  are 
within  the  case  which  is  filled  with  silicone  fluid  (550- 
DC,  112  centistoke  grade).  Each  tube  is  to  dissipate  3.5 
watts  and  it  is  assumed  that  conduction  through  all  lead 
wires  is  negligible. 

Problem: 


Approximate  the  average  bulb  surface  and  hot-spot  tempera¬ 
tures  . 
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iioluti  on: 


First  step:  Determine  the  average  outer  case  tempe: a ture , 

q  “  3  't  3.5  watts  X  3.U13  Btu ./hr ./watt  =  35«8  Btu,,hr. 
Area  of  case,  A  =  I8  sq.  in.  =  0.125  sq.  ft. 
i'he  35-8  Btu  ./hr.  must  be  dissipated  from  the  outer  surface 
of  the  case  by  combined  radiation  and  free  convection.  The 
determination  of  this  temperature  is  made  by  a  trial  ana 
error  solution: 


(2i) 

(J) 


]  '1'  - 

1 100) 

100  j 

q  by  radiation:  q_  =  0.173A  F,, 

^  Q  ci 

q  by  free  convention:  q^^  =  h^a  (tg  -  t,.) 


The  value  of  Tg  must  be  determined  such  tiiat  q^. 


Btu ./  hr. 


Radiation: 


Thus 


Its  sq.in.  »  ,125  sq.  ft. 

1.0  (assuming  case  situateo  in 
emissivity  outer  case  =0.85 
lOO^C  =  212°F 
UoO  +  212  -  672°R 
tg  +  UbO 


^r 

qj. 


=  0.173  X  0.125  X  0.85  X 


1.0 


lo la  lively 


Inil'^O  uiucc) 


o72 

100 


(50) 


Convection:  The  film  coefficient  for  a  vertical  surface 
differs  from  that  for  a  horizontal  surface  facing  upwaitirj 
likewise,  for  a  surface  facin_  dov.'uvvard .  Tu  simplify  thi/; 
part  of  the  problem,  it  is  assumed  that  the  film  coefficient 
for  a  vertical  surface  is  the  average  over  the  entire  surface. 
The  equation  for  the  film  coefficient  for  a  vertical  surface 
is: 

,  3  1/8 

he  =  0.55  I  (a  LAt) 

k  =  thermal  conductivity  vl'/) 

L  =  height  of  case  =  IjiZ  =  0.2y2  ft, 

^8  =  ts  -  ta  =  ts  -  212dF. 

a  =  free  convection  :'.iOouiuo 

Substituting  (19)  in  (3),  using  tine  above  values: 

%  =  0.55  (a  X  0.292^et)^^^  (0.125)  At  (51; 

or 

q,,  =  0.0937  k  (52) 
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Thus 


♦  0.0937 


qt  =  qp  ♦  Qc  =  0.0l81i 
=  35.3  otu/hr. 


-  20hS 


Assume: 


=  70°F 

tg*  212  +  70  -  282°F 

T  =  U60  +  282  -  7U20R 

Av.  film  t  -  (282  +  212)/^  -  2U7°F 

k  @2]:7°F  -  0.0192  Btu./(hr.)(ft.)(°F) 

a  @  2l:7°F  «  0.1:25  x  10^ 

qj.  -  0.0181:  [(7.1:^  -  201:5]  wl 

q^  =  .0937  X  0.0192  x  (0.1:25  x  10^)  x  70 


5/1: 


Total 


18.3  Btu./hr. 
9.3  Btu./hr. 
27.6  Btu./hr. 


It  is  seen  that  a  surface  temp)erature  of  282  F  allows  only  27.6 
Btu./hr.  to  be  dissipated  from  the  case.  Therefore,  a  higher 
surface  temperature  must  be  assumed. 


Assume: 

At  =  90*^  av.  film  t  =  257°F 

t  =  302°F  k  (S)  257°F  =  .0191: 

Tg  =  762°R  a  @  257°F  =  0.1:0  x  10° 

By  similar  calculation: 

qr  •=  21:  .6  Btu/hr  ■  12.7  Btu/hr. 

Itotal  =  37.3  Btu/lir. 

Interpolating  at  35.8  Btu/hr.: 

At  =  86.9°F 

and  tg  =  212  +86.9  =  299°F 

Second  Step:  Conduction  through  metal  walls.  Assume  metal  walls 
are  of  steel  0.0375"  thick: 

k  for  steel  =  33  Btu/(hr.)(ft,)(°F) 


Then,  since  q 


k 


t 


35.8  X 


1 

o.i2'5 


=  0.027°F 


(5U) 


Thus,  the  steel  v:alls  offer  a  negligible  resistance  to  heat 
transfer  and  can  be  completely  disregarded. 
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Third  Step;  Deterniine  the  silicone  fluid  temperature.  The 
heat  transfer  between  the  silicone  fluid  ana  the  metal  walla 
is  assumed  to  be  by  free  convection,  althou,^h  the  proolen  is 
complicated  due  to  the  confinement  of  the  liquid,  xigain 
equation  (52)  is  used  to  estimate  the^^t.  Since  the  siliccne 
fluid  is  better  than  air  in  free  convection,  the  A t  between 
the  silicone  and  walls  will  be  considerably  lower. 

Assume: 

At  =  20°F 

^silicone  =  299  +  20  =  319°? 

av.  film  temp.  =  299  +  10  =  311 °F 
k  (S  311°F  =  0.0703  Btu/(hr.)(ft.)(°F) 

a  0  311°F  “2.33  x  10° 

A  =  0.125  sq.  ft. 

L  =  0.292  ft. 

Thus:  q  =  0.0937  x  .0703  x  (2.33  x  lo“)^/^(20)-^'^" 

q  =  3U.5  Btu/hr. 

This  is  close  to  tte  required  35.8  Btu/hr.  so 
At  (approx.)  “  x  20  =  20.8,  say  21°F 

Thus,  silicone  temp.  =  21  +  299  “  320°F 

Fourth  dtep:  Beteminc  average  envelope  temperature. 

Again,  the  heat  transfer  process  is  assumed  to  be  by  free 
convection  in  sfiite  of  confinement  and  dense  packaging. 

Since,  for  small  electronic  parts,  the  values  of  C  and  m 
are  equal  to  1.U5  and  0.23  respectively,  the  equation  be¬ 
comes:  (See  Section  V). 

q  =  h^At  »  1.1:5  I  (aL^A  t)*^^  AAt(21)(22) 
or  q  =  1.1:5  X  (aL^) 


where; 


Thus, 


L  for  tube  “  height  =  “  0.11:6  ft. 

A  “  3  X  2.16/11:1:  =  0.01:51:  sq.  ft. 


0.12k(a)°-^^(  At)^-^^ 


Try;  ^t  =  30°F 


^envelope  “  320  +  30  •  350°F 
av.filra  t  ■  320  +  15  -  335°F 


SHlh  VI  ()  - 
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@  335°F  =  0.0695 
@  335°F  =  2.65  X  10t>  „  , 

=  0.12  X  0.0695  X  (2.65  X  10^)  ‘  x  (30)  ‘ 

=  it? *6  Btu/hr  (this  is  too  higa) 

=  21° 

=  320  +  2lt  =  3U*°F 
=  320  +  12  =  332°F 
@  332'>F  =  0.0696 
@  332°F  =  2.61  X  10® 

=  0.12  X  0.0696(2.61  x  10°)^'^^(2U) 

=  36.1  BtuAr. 

This  is  close  to  the  required  35.6  Btu/hr.,  so  At  is  approxi¬ 
mately  2U°F.  Thus,  the  average  surface  temperature  of  tube 
envelope  is  320  *  2h  =  3hh°F  or  173 °C. 

It  must  be  noted  that  the  173°C  is  an  average  temperature  and 
does  not  represent  the  hot  spot  temperature.  The  ratio  of 
maximum  temperature  rise  (hot  spot  minus  fluid  temperature)  to 
average  temperature  rise  varies  with  the  shape  and  type  of  tube 
and  method  of  cooling.  For  free  convection,  with  subminiature 
tubes,  the  maximum  temperature  rise  occurs  slightly  above  the 
midpoint  and  is  about  15  per  cent  greater  than  the  average 
temperature  rise.  For  miniature  tubes,  it  is  about  22  per  cent. 
Thus,  in  the  foregoing  example,  the  maximum  temperature  rise  is; 

1.15  X  2U°F  =  approx.  28 °F 

Maximum  tube  temp.  =  28  +  320  =  31;8°F  or  176°C 

The  176°C  maxirnum  bulb  temperature  must  be  considered  only  as  a 
fair  approximation,  due  to  the  many  assumptions  and  complexi¬ 
ties  involved. 

3 .  Congaarison  of  Fluids  in  Free  Convection 

An  interesting  compailson  of  several  fluids  in  free  convection, 
based  on  eJ5)erinental  work,  is  given  in  reference  (10) .  This 
comparison  is  given  in  Table  10  .  To  unaerstand  the  table,  the 
experimental  set-up  and  conditions  must  be  explained. 

The  test  apparatus  consisted  of  a  closed  cylindrical  container 
in  which  seven  #5763  miniature  tubes  were  located,  all  equi¬ 
distant  from  each  other j  i.e.,  six  tubes  surrounding  a  middle  or 
center  tube,  all  tubes  in  the  vertical  position.  The  container 
was  immersed  in  a  controlled  temperature  oil  bath.  Four  fluids 
were  tested;  air  at  sea  level  pressure,  silicone  fluid,  trans- 
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former  oil,  and  Freon-113.  In  all  tests,  the  fluid  temperature 
vfas  maintained  ronstant  as  was  the  heat  dis  :.ipatj.on  fro;.:  the 
center  tube  and  .otal  heat  dissipation  I'rou  the  test  container. 

The  container  '...ill  teiu,  ititure  ...s  7.iri:a  to  u.ls  lot^ - 

dissipation  ior  th.  constu.:it  fi^uic  te;,:peratui'e . 

T,.dLE  10 

GomiXirative  Heat  rransi'jr  data  for  Air,  dilissnt; 

Fluid,  Transformer  Oil,  ana  Freon  in  Multi-Tubt 
apparatus 

Fluid  temperature  130°C 

Unit  heat  dissipation  3  vratts/sq.in.of  tube  envelo 

Total  heat  dissipation  from  enclosure  11?  watts 


Tube  Surface 

Enclosure 

Wall 

Fluid 

Temp. 

Rise 

Over 

Fluid 

°C 

0)0 

Surface 
Heat 
Transfer 
Coefficient 
Watts/  (sq.in) 
(°C) 

Temp. Drop 
(Below  ^luid ) 
°C 

Temp, 

*^0 

Air  (Sea  Level ^ 

105 

235 

0,029 

11*8 

-18 

Silicone  Fluid 

19.1 

11*9.1 

0.157 

31 

99 

Transformer  Oil 

13.5 

lii3.5 

0.222 

19 

111 

Freon  -  113 

5.6 

135.6 

0.535 

123 

Table  10  shows  the  great  advantage  obtained  in  using  a  liquid 
rather  than  air  as  a  medium  of  free  convection.  In  the  ejqseri- 
ments  the  enclosure  walls  had  to  be  maintained  at  -18 °G  using 
air  as  the  fluid  whereas,  for  transformer  oil,  the  wall  tempera¬ 
ture  could  be  raised  to  ill®C  for  the  same  fluid  temperature  ana 
heat  dissipation.  Also,  the  tube  surface  temperature  for  air  was 
235'’C  and  it  was  only  lii3.5°C  for  the  transformer  oil. 

DIRECT  LIQUID  nttiERSION 

1.  General 


A  simple  direct  liquid  cooling  system  Is  shovm  in  Figure  39.  The 
*■  L.ectronic  parts  of  tfie  subassembly  are  romi-iletely  i:nmersed  in  a 
fluid,  such  as  DC-200  Silicone  fluid.  The  heat  is  transferred 
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from  the  parts  to  the  surfaces  of  the  ccntainei  cy  free  convec¬ 
tion  and  molecular  conchiction  in  the  fluid,  .iadiatijn  irrjir,  the 
heat  producing  parts  is  nil„  This  type  of  nay  ce 

designed  to  dissipate  a  maxirir'j’r,  of  the  crusr  of  cne  li-lf  watt 
per  square  inch  of  effective  surfa-e  arej.  ii.  fi-j'  air  ant.  js  :nucr. 
as  tw>'  or  three  watts  per  cubi^  inch  ■.■.hen  no:  c  Pife  ti-/:-  e>;terr..i 
cooling  is  applied. 

Free  convection  currents  are  proQ'aoea  in  ti:,.  i'iuia  i.-.  n.e  I'o 
loiving  manner.'  Upon  cont8.e-"  with,  the  hotter  surface  o:'  'ne  elec¬ 
tronic  parts,  the  coolant  liuia  expanas,  recucing  its  uensity. 

The  coolant  rises  until  it  comes  in  contact  7/ith  the  coluer  sur¬ 
face  of  the  container  where  the  heat  is  removea.  The  fluid  con¬ 
tracts,  increasing  its  density,  and  falls.  In  free  convective 
cooling,  the  temperature  distribution  is  not  uniform,  the  tenpera- 
tures  are  low  at  the  bottom  of  the  container  ana  graou.ally  increase 
to  tne  nighest  values  near  the  top, 

2 .  Design  Considerations 

The  design  problems  encountered  in  a  liquid  immersed  subassembly 
induce  hermetic  sealing,  pro'vision  for  expansion  of  'the  liquid 
coolant,  vapor  pressure,  strenj^th  of  the  container^  ease  of  re¬ 
pair,  removal  of  the  coolant  from  the  pari,s,  orientation  of  parts 
and  the  effects  of  the  coolant  on  tne  function  of  high  frequency 
circuits.  The  orientation  and  mounting  of  parts  must  be  given 
special  consideration  since  they  must  be  located  so  as  to  achieve 
maximum  convection,  Ifetallic  conduction  paths  of  low  thermal  re¬ 
sistance  from  the  heat  producing  parts  to  the  surface  of  the  case 
are  not  normally  necessary, 

a.  Hermetic  Sealing 

Oxidation  of  coolants  nay  be  minimized  by  hermetic  sealing 
of  containers  of  electronic  equipment-  One  technique  in 
use  involves  filling  and  sealing  the  container  with  heated 
coolant  while  the  entire  assembly  is  heated  to  a  tempera¬ 
ture  that  is  higher  than  the  peak  a.nticipated  operating  temp¬ 
erature,  When  the  fluid  cools,  the  vacuum-like  space  of 
volatile  constituents  above  the  fluid  allows  for  expansion 
of  the  fluid.  The  contdrer  nrist  be  strong  so  that  it  cannot 
collapse  inwardly.  The  fluid  can  completely  fill  the  con¬ 
tainer  provided  that  the  operating  temperature  is  never  permit¬ 
ted  to  exceed  the  filling  tenperature,  Ctherwiss,  the  increase 
internal  pressiire  may  cause  structural  failire  of  the  case,  it 
is  recommended  that  units  that  are  subjected  to  changes  in 
altitude,  such  as  those  used  fer  mobile  or  airborne  equipment, 
be  hermetically  sealed.  Induction  soldering  -with  high  temper¬ 
ature  solder  may  be  used  to  seal  off  the  component  package. 
Fluid  expansion  may  also  be  compensated  fer  by  a  rubber  dia¬ 
phragm,  a  metal  bello’ws  arrangement  .  cr  a  rubber  ball  mounted 
inside  of  the  case.  If  alectrcnio  equipment  is  to  be  oper- 
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ated  in  a  fixed  locaticn  and  alv/ays  rejnain  in  an  upright  po¬ 
sition,  it  may  be  possiole  to  operate  the  electronic  assembly 
in  a  container  of  fluic.  v/liich  is  vented  to  the  atinosphere. 

Further,  if  desired,  non-spillable  vents  such  as  arc  used  on 
aircraft  batteries  my  be  proviaed.  Some  of  the  difficulties 
encountered  with  fluids  that  have  large  coefficients  of  ex¬ 
pansions  can  thus  be  avoided. 

Mechanical  Considerations  in  the  llountine,  of  ElectI^3nic  Parts 

It  is  necessary  to  expose  a  maximutr.  ol  the  surface  of  the  heat  pro¬ 
ducing  parts  to  the  coolant  and  to  direct  the  free  convection 
currents  of  the  fluia  around  these  parts.  Thus,  in  liquids, 
parts  should  be  mounted,  as  in  air,  to  promote  convective 
cooling  (See  Section  .  Metallic  conduction  paths  of  low 
thermal  resistance  from  the  heat  producing  parts  to  the  sur¬ 
face  of  the  case  are  not  as  important  in  direct  liquid  cooled 
subassemblies  as  in  most  other  types  of  subassemblies,  since 
adequate  cooling  is  usually  obtained  by  convection.  The  parts 
may  be  supported  by  insulators  or  insulating  materials  so 
long  as  the  fluid  is  permitted  to  freely  circulate  around  the 
parts . 

The  construction  of  this  type  of  equipment  must  be  given  spec¬ 
ial  consideration.  With  viscous  coolants,  a  slight  mechanical 
advantage  is  gained  by  the  immersion  of  the  electronic  parts 
in  the  fluid,  since  the  fluid  tends  to  lend  support  to  tubes 
and  other  parts.  Also,  it  can  provide  a  damping  action  which 
assists  in  resisting  vibration  ana  shock,  dependent  upon  the 
viscosity  of  the  fluid.  Subminiature  tubes  can  be  .mounted  by 
their  lead  wires  and  can  be  supported  at  their  other  end  by 
a  loop  of  wire  around  the  tip  of  the  tubes.  Thus,  almost  the 
entire  tube  envelope  is  exposed  to  the  coolant  fluid.  The 
tubes  should  be  mounted  vertically  ivith  their  bases  downward. 

This  provides  maximum  cooling  at  the  hot  spots  and  tends  to 
minimize  electrolysis.  Holes  can  be  provided  in  the  sub¬ 
chassis  to  cirect  the  flow  of  the  free  convection  currents 
around  the  other  heat  producing  parts. 

Coolant  Selection 


When  selecting  a  coolant,  it  is  necessary  to  consider  the 
change  in  the  thermal  and  physical  characteristics  of  the 
liquid  over  the  entire  operating  temperature  range  as  well 
as  its  chemical  and  electrical  compatibility  with  the  metals 
and  materials  with  v/hich  it  comes  in  contact.  With  direct 
liquid  cooling  systems,  these  properties  include  chemical  in¬ 
ertness,  dielectric  constant,  power  factor,  viscosity,  vapor¬ 
ization  temperature,  freezing  temperature,  flash  point,  vapor 
pressure,  toxicity,  coolant  life,  thermal  coefficient  of  ex¬ 
pansion,  ther-mal  coefficient  of  viscosity,  surface  tension, 


the r:\ial  conductivity  utiv.  dielectric  ctren  tl*. 

fliere  are  a  nu!.vl».r  of  covilantc  v.hich  tc-n  ac-o  in  ^v.c- 

asse;.iilies ,  yoiisr  an..  corx.'aniCc.tioaj  ti anrf oraera ,  chokes, 
capacitors,  u.r>u  ochcr  hi_^h  volta^^,  or  hi-ih  temperature  parts. 
These  fluids  are  for  ttie  most  part  hydrocarbons  of  one  form 
or  another  and  suffer  from  deficiencies,  such  as  high  di¬ 
electric  constant,  molecular  instability,  high  power  factor 
(particularly  at  radio  frequencies),  ai^  inability  to  v(ith- 
stand  very  low  or  very  high  temperatures. 

Silicone  fluids  are  superior  to  the* hydrocarbons ,  especially 
in  regard  to  their  ability  to  operate  at  temperature  extremes. 
High  temperatiu’e  operation  is  limited  only  by  the  cracking 
temperature  of  the  fluid.  The  silicones  are  available  in  a 
wide  range  of  viscosities  and  the  electrical  characteristics 
of  several  are  listed  in  this  section.  The  dielectric  con¬ 
stant  and  power  factor  are  good  up  to  at  least  100  HC.  The 
dielectric  constant  decreases  slightly  while  the  power  factor 
increases  with  increasing  temperature.  In  most  instances 
these  changes  will  be  insignificant.  For  example,  500  centi- 
stoke  silicone  fluid  changes  power  factor  from  .000025  to 
.0003  in  going  from  25°C  to  150°C  at  a  ^iven  frequency. 

The  thermal  conductivity  of  silicone  fluids  is  actually  quite 
low,  being  intermediate  between  glass  and  air.  Fcr  th.ic 
reason,  a  rather  low  viscosity  fluid  is  generally  chosen  so 
that  circulation  due  to  convection  will  be  aided.  Fifty  cen- 
tistoke  silicone  fluid  has  been  used  with  considerable  success. 

The  thermal  expansion  coefficiaat  of  all  liquid  dielectric 
materials  is  high.  For  example,  DC-200  silicone  fluid  increases 
in  volume  by  13  percent  over  a  temperature  range  of  from  25°C 
to  150°C.  It  is  therefore  necessary  to  provide  adequate  space 
for  expansion. 

It  has  been  reported  that  polystyrene  and  some  of  the  related 
resins  are  attacked  by  chlorinated  hydrocarbons .  Certain  or¬ 
ganic  paints  and  varnishes  are  attacked  by  transformer  oils. 

It  has  also  been  found  that  silicone  fluids  have  an  undesirable 
effect  on  some  silicone  protected  parts.  In  general,  however, 
silicone  fluids  are  inert  with  respect  to  most  commonly  used 
electronic  materials.  Data  can  be  obtained  from  the  nanufac- 
turer. 

Freons  have  not  been  utilized  for  direct  liquid  cooling  because 
of  the  resultant  high  operating  pressures  at  temperatures  of 
the  order  of  100°C. 
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Petroleum  base  oils  can  be  used  in  liquid  cooled  equipments 
whose  "hot  spot"  temperatures  do  not  exoeed  175°C.  The  oils 
oxiuiue  or  rapidly  decompose  at  hi^^her  temperatures  anu  must 
be  changed  occasionally.  Mineral  oil  exiiibits  lower  electri¬ 
cal  losses  at  high  frequencies  than  the  silicone  fluids. 

Impurities  cannot  be  tolerated  in  coolants  used  in  liquid 
filled  subassemblies.  Even  a  small  percentage  of  moisture 
can  lead  to  electrolysis  and  rapid  corrosion  of  wires  and 
leads,  especially  those  with  DC  circuits  in  excess  of  25 
volts.  Extreme  oare  must  be  used  to  prevent  contamination 
of  the  coolant.  The  physical  characteristics  of  coolants 
are  presented  later  in  this  section  and  in  Appendix  C. 

d.  Temperature  Distribution  Around  Liquid  Cooled  Subminiature 
Tubes 


A  type  6Kli  tube,  supported  by  its  leads,  was  immersed  in 
"cheirdcally  pure"  ethyl  alcohol,  in  a  transparent  l.v.  -  -ox.  After 
plate  voltage  was  applied,  there  was  considerable  electrolysis 
around  the  tube  leads  due  to  the  moisture  eind  impurity  content 
of  the  alcohol.  When  the  tube  was  mounted  in  the  horizontal 
position  and  illuminated  by  a  point  source  of  light,  interfaces 
between  parts  of  the  alcohol  at  different  temperatures  could 
readily  be  distinguished.  The  areas  iivithin  the  liquid  where 
heating  occurred  showed  up  clearly.  See  Fig.  liO. 

The  area  at  a  is  a  convection  current  of  strongly  heated  liquid 
rising  upvfard  to  the  surface  of  the  alcohol.  The  area  at  B  is 
also  a  convection  current  of  heated  liquid  which  is  rising 
more  slowly  to  the  surface.  The  area  at  C  is  an  area  of  ap¬ 
parently  stationary  liquid  which  is  heated  by  radiation  di¬ 
rectly  from  the  surface  of  the  glass  envelope.  A  distinct 
feature  of  this  radiation  area  is  that,  regardless  of  tube  po¬ 
sitioning,  it  is  always  the  same.  The  shape  of  the  other  areas 
depend  directly  on  positioning.  The  radiation  area  around  the 
tube  is  directly  opposite  the  plate  of  the  tube  and  the  con¬ 
striction  occurs  between  the  plate  and  the  seal  of  the  tube. 

The  thickness  of  this  halo-like  light  zone  indicates  relative 
amounts  of  heat  radiated  into  the  surrounding  liquid  and  is 
apparently  due  to  a  change  in  the  index  of  refraction  of  the 
coolant.  The  zone  appeared  and  disappeared  very  slowly  as 
plate  voltage  v^as  svrLtched  on  or  off  and  was  thus  shown  to  be 
entirely  dependent  on  tube  plate  temperature. 

Obs ervaticns 


During  the  test  several  electrolysis  effects  were  noted.  These 
produced  considerable  heat  around  the  terminals  of  the  plastic 
box  and  around  the  tube  leads  themselves.  It  was  found  that, 
due  to  this  cause,  heating  effects  on  the  tube  leads  could  not 
be  determined.  The  positive  tube  lead  soon  turned  black  and 
other  tube  leads  were  heavily  coated  with  cupric  salts. 
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D.  DIRECT  LIQUID  IMMERSION  WITH  iiGITATKIi 

It  was  previously  stated  that  free  convection  in  liquid  coolants  did 
not  provide  an  even  temperature  distribution  within  the  container. 

By  the  addition  of  a  small  motor  driven  agitator,  relatively  con¬ 
stant  liquid  temperature  can  be  maintained  (see  Fig.  Ul) .  For  example, 
it  was  found  that  the  temperature  difference  within  the  fluid  was  re¬ 
duced  to  0.6°C,  using  a  five  vane  agitator  when  the  wall  temperature 
gradients  were  less  than  5.5°C.  A  three  vane  agitator  in  a  six  inch 
diameter  container  of  silicone  fluid  maintained  an  average  temperature 
difference  of  2°C  within  the  container  at  660  rpm,  1°C  at  lUliO  rpm. 
With  free  convection  liquid  cooling  and  a  unit  heat  dissipation  of 
0.129li  watts  per  square  inch  surface  area,  the  temperature  rise  be¬ 
tween  the  bottom  and  top  of  the  container  was  10°C.  With  a  unit 
heat  dissipation  of  1.06  watts  per  square  inch  and  $0  centistoke 
DC-200  Silicone  fluid,  the  temperature  rise  was  in  the  neighboihood 
of  li60C,  (ref.  10). 

These  figures  are  for  package  sizes  that  are  normally  larger  than 
those  used  for  miniaturized  equipment.  The  same  degree  of  cooling 
cannot  be  expected  in  miniature  packages.  However,  these  tests  in¬ 
dicate  that  certain  configurations  can  be  more  effectively  cooled  by 
e^qDending  a  small  amount  of  power  for  agitation  of  the  coolant. 

E.  DIRECT  FORCED  LIQUID  COOLIMG 


1.  General 

J\ist  as  increased  cooling  is  obtained  with  forced  air  instead 
of  natural  air  convection,  forced  circulation  of  the  coolant 
greatly  increases  the  cooling  rate  when  liquid  cooling  is  used. 
The  coolant  may  be  pumped  into  an  external  exchanger  for  trans¬ 
fer  of  the  heat  into  the  sink.  The  pump,  of  course,  requires 
power  for  its  operation  and,  unfortunately,  most  of  this  energy 
is  expended  in  the  coolant  in  the  form  of  heat.  Thus,  the  total 
heat  rejected  is  increased  by  the  power  consumed  by  the  pump. 
However,  the  advantages  of  the  small  temperature  gradients  and 
increased  cooling  rates  achieved  with  forced  liquid  cooling  can 
easily  outweigh  the  disadvantages  of  the  increased  system  com¬ 
plexity. 

2.  Direct  Forced  Liquid  Cooling 

A  liquid  cooling  system  of  this  type  is  presented  by  Fig.  U2. 

The  electronic  components  are  canpletely  immersed  in  a  compat¬ 
ible  liquid  coolant  such  as  silicone  fluid,  transformer  oil, 
or  freon.  A  low-pressu’'e  puiip  circulates  the  coolant  liquid 
through  the  system.  The  accumulator  (air  cushion  tank)  allows 
for  expansion  of  the  fluid  and  serves  to  minimize  vapor  lock 
in  the  system.  The  heat  exchanger  removes  the  heat  from  the 
liquid  before  it  is  recirculated  through  the  el^'  uronic  equip- 
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DIRECT  LIQUID  COOLING  WITH  AGITATION 
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raent.  Care  must  be  exercised  in  orienting  parta  in  order  to 
obtain  maximum  cooling  effectiveness.  Further,  if  relatively 
hi^h  pumping  pressures  are  used,  the  hit^h  pressure  stream  should 
not  be  directed  upon  fragile  electronic  parts.  The  mathematical 
treatment  of  forced  liquid  cooling  design  is  identical  vn.th  that 
used  for  forced  air  cooling  other  than  that  different  coefficient 
values  are  used. 

3 .  Direct  Spray  Cooling 

Fig.  IjJ  shows  a  direct  spray-cooling  system  for  miniaturized 
electronic  equipment.  The  coolant  liquid,  under  a  slight  pres¬ 
sure,  is  pumped  into  a  manifold  for  distribution  to  spray  nozzles 
that  are  located  so  as  to  cover  the  electronic  part  to  be  cooled 
with  a  continuous  film  of  liquid.  Thus,  the  sprayed  liquid  ab¬ 
sorbs  heat  from  the  electronic  parts  by  airect  contact.  The 
heated  coolant  is  then  collected  in  a  sump  in  the  bottom  of  the 
equipment  and  pumped  throtigh  a  heat  exchanger  to  be  cooled  be¬ 
fore  it  is  returned  bo  the  manifold  for  re-distribution.  With 
spray  cooling,  it  is  possible  to  adjust  the  number  of  jets  and 
•the  volume  of  flow  to  obtain  optimum  cooling  of  each  indivioual 
heat  producing  part,  vhereas,  in  some  of  the  direct  liquid 
cooled  systems  there  is  a  tendency  either  to  undercool  or  over¬ 
cool  individual  electronic  parts.  Further,  the  amount  of  cool¬ 
ant  used  in  a  spray  system  may  be  much  less  than  that  of  a  liquid 
filled  system. 

Spray-cooling  is  most  applicable  to  parts  such  as  vacuum  tubes 
when  they  are  mounted  in  the  -vertical  position.  However,  satis¬ 
factory  results  have  been  obtained  with  tubes  in  the  horizontal 
position  by  covering  part  of  their  envelopes  with  tight-fitting 
copper  screen  sleeves.  These  sleeves  will  provide  more  even 
distribution  of  the  fluid  around  the  envelope  hot  spots. 

One  of  the  difficulties  encountered  in  spray-cooling  systems  is 
to  obtain  uniform  distribution  of  the  fluid  over  the  part  to  be 
cooled.  This  depends  upon  the  vfetting  qualities  of  the  coolant, 
the  number,  size  and  placement  of  the  spray  jets,  and  the  rate 
of  flow  of  the  coolant  through  the  jet  nozzle.  Changes  in  the 
rate  of  flow  ■)£  the  jets  modifies  the  flov.-  pattern  of  the  cool¬ 
ant  and  thus  the  rate  of  cooling  of  tlie  electronic  parts.  In 
a  reasonably  efficient  spray  cooling  system,  the  additional  po■.■^er 
required  for  pump  operation  will  be  of  the  order  of  five  percent 
of  the  total  dissipated  pov.-er  after  a  c'rt^.in  critical  oissipa- 
tion  has  been  reached.  Belov;  ai.'..,  ^  cion  (iraposed 

by  available  pump  sizes)  the  percentage  of  oiesapateu  povfer  re¬ 
quired  by  the  pump  may  be  greater  than  An  efficient  spray 

cooling  system  shoulo  require  only  about  one  third  of  the  amount 
of  liquid  required  by  an  equivalent  liquiu  filled  unit. 
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a.  Nozzles 


Extremely  shbH  nozzle  bores  are  usually  necessary  in  order 
to  obtain  a  fine  spray.  In  conventional  electronic  equipment 
the  jet  spray  has  proven  most  satisfactory  because  of  its 
wide  spray  angle  which  permits  a  compact  equipment  design. 
Further,  a  jet  spray  nozzle  emits  a  solid  stream  of  liquid  a 
short  distance,  it  does  not  require  a  high  pressure  pump  and 
it  is  not  as  susceptible  to  plugging,  since  the  bore  is  rela¬ 
tively  large. 

A  starting  point  for  jet  size  in  experimental  development  at 
low  spray  rates  is  a  number  80  hole  drilled  in  a  §2  screw. 

The  screw  may  be  inserted  into  a  hole  tapped  into  the  mani¬ 
fold  and  adjusted  to  the  proper  height  and  angle  above  the 
parts  to  be  cooled.  This  provides  an  easy  method  of  experi¬ 
menting  with  the  number  and  the  size  of  the  jets  nece^^sary  to 
cool  a  given  equipment. 

b.  Nozzle  Uanifold 


The  spray  distribution  manifold  can  be  designed  to  be  an  inte¬ 
gral  part  of  the  unit's  housing  or  as  an  inaependent  part.  In 
either  system  the  initial  model  should  be  maae  in  such  a  man¬ 
ner  that  the  manifold  is  accessible  for  changing  the  size, 
ntimber  and  placement  of  jets  ’until  satisfactory  cooling  of  the 
subassemblies  is  obtained. 

i;.  Detailed  Design  Considerations 
a.  Pump  Selection 

Either  gear  reciprocating  or  centrifugal  type  pumps  may  be  used 
for  silicone  and  similar  liquids.  However,  it  is  usually  pre¬ 
ferable  to  use  gear  type  pua^js,  since  they  do  not  become  air- 
bound  as  readily  as  centrifugal  units.  Further,  gear  pumps 
have  the  additional  advantages  of  smaller  weight  and  size  and 
a  higher  operating  efficiency. 

The  centrifugal  pump  has  an  advantage  for  this  application  in 
that  is  does  not  have  a  constant  displacement  and  the  volume 
of  flow  may  be  controlled  by  a  valve  or  variable  orifice  in 
the  discharge  line  without  overloading  the  motor.  Less  power 
will  be  required  when  pumping  snaller  quantities  of  fluid. 

Also,  a  rheostat  in  series  with  the  centrifugal  pump  motor  may 
be  used  to  simultaneously  adjust  the  rate  of  flow  and  the  pres¬ 
sure.  Unfortunately,  centrifugal  pumps  become  airbound  and 
must  be  primed  prior  to  operation.  This  can  be  overcome  by 
mounting  the  pump  below  the  liquid  level  so  that  the  pump  in¬ 
let  is  always  flooded. 
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Positive  pressui’e  rot-ry  v^ne  an-  reciproca'oin^  pumps  are 
usually  self-prLmint  and  suitable  Tor  hanoTing  non-lubri¬ 
cating  liquius .  However,  because  of  the  constant  displace¬ 
ment,  the  throttling  of  such  pumps  increases  motor  load 
and  pressure  but  does  not  oecroase  the  coolant  flow. 

For  the  selection  of  a  pujiip  for  a  i,iven  cooling  system,  it 
is  necessary  to  consider  the  following! 

(1)  The  physical  ana  chemicvxl  characteristics  of  the  cool¬ 
ant  liquid  being  used,  such  as  specific  gravity,  vis¬ 
cosity,  temperature,  solids  in  suspension,  abrasive 
mate!' .Lai,  Lneiriia—  utawulj.ty ,  and  the  ccrro— avc  and 
solubility  effects  on  materials  used  in  pump  construc¬ 
tion. 

(2)  The  state  of  the  fluid  at  the  pump  inlet,  vdiether  it 
floods  the  inlet,  is  full  of  air  bubbles,  whether  the 
pump  must  prime  itself  and,  if  so,  the  priming  lift. 

(3)  The  pump  characteristics  desired  in  terms  of  delivery 
required,  differential  pressure,  inlet  pressure,  dis¬ 
charge  pressure,  the  sum  of  the  differential  pressures 
across  the  electronic  subassemblies,  the  heat  exchanger 
and  the  line  loss,  and  the  duty  cycle. 

(ii)  The  volta^^e,  phiase  and  frequency  desired  for  the  pump 
motor  and  environmental  conditions,  such  as  dust, 
moisture,  fu.mos  and  fire  hazards  uncer  i.'rtiich  it  must 
operate. 

(5)  The  electrical  anc.  meciianical  noise  characteilstics 
of  the  pur.p  motor. 

b .  nir  Cushion  Tank 

The  air  cushion  taru;  is  proviaed  to  allov;  for  expansion 
of  the  flui-  as  its  temperature  increases,  to  remove  air 
from  the  coolant,  a.na  '.o  cushion  the  shock  in  the  entire 
system  if  th^  pai::-  sb.oulu  become  vapor  bouna.  The  tank 
should  be  l  enou  to  allow  I'o:-  the  expansion  of  all 
of  the  liquio  i-i  the  ..ystem  ana  still  provide  an  air 
cushion. 

c .  Heat  Exchanger 

The  heat  exchanger  should  be  of  a  size  aaequate  to  remove 
the  rejected  heat  from  the  coolant  fluia  before  the  fluid 
is  re-circulated  through  the  electronic  equip::’.er.t .  A 
liquid  to  forced  atr  heat  exchanger,  similar  to  an  automo¬ 
tive  radiator  coulc  be  used  for  ground  based  equipment. 
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For  most  shipboard  applications  a  liquid  to  liquid  heat  ex- 
chanj^er  would  probably  prove  most  practical,  since  an  ade¬ 
quate  supply  of  coolint;;  water  is  usually  available . 

In  selectint'  a  heat  exchanger  for  a  given  sj'stem,  it  is 
necessary  to  determine  the  follov/ing: 

(1)  What  secondary  coolint,  means  or  "sink  connection"  is 
available. 

(2)  The  rate  of  flow  of  coolant  fluid  through  the  heat  ex¬ 
changer. 

(3)  The  pressure  drop  in  the  coolant  fluid  across  the  heat 
exchant,  er. 

(U)  The  temperature  of  the  coolant  fluid  when  it  enters  and 
when  it  leaves  the  heat  exchanger. 

(5)  The  expected  limits  of  the  thermal  environment  in  which 
the  heat  exchanger  must  function. 

d.  Design  Notes 
(1)  General 

Properly  applied,  direct  liquid  immersion  can  be  an  ef¬ 
fective  cooling  method.  Subassemblies  should  be  con¬ 
structed  so  that  the  heat  producing  parts  are  separated 
from  the  non-heat  producing  parts,  especially  those  that 
are  temperature  sensitive.  The  coolant  arriving  from 
the  heat  exchanger  should  be  directed  onto  the  tempera¬ 
ture  sensitive  parts  first  and  later  be  directed  to  the 
heat  producing  parts. 

Heat  transfer  inside  a  liquid  cooled  electronic  as¬ 
sembly  may  be  difficult  to  predict  due  to  tne  complica¬ 
ted  shape  of  electronic  parts  ana  the  variation  of  film 
coefficients.  Satisfactory  preliminary  designs  can 
usually  be  achievea  by  "lumping"  the  problem  eind  treat¬ 
ing  it  as  a  whole.  By  constructing  a  simulated  bread 
board  model  and  conducting  electrical  ana  thermal  tests, 
the  system  may  be  modified  as  required  in  order  to  obtain 
final  desi^^n  aata.  The  tests  on  the  bread  board  model 
should  provide  the  temperature  limits  through  which  the 
liquid  must  be  maintained  for  variations  in  the  thermal 
environment  of  the  heat  exchanger.  In  order  to  operate 
within  these  temperature  limits  it  m^  be  necessary  to  add 
control  equipment. 
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(2)  Control  of  Cooling  Systems 

Direct  forced  liquid  coolini;  systems  should  be  designed 
for  operation  at  the  maximum  cooling  conditions.  Under 
less  severe  thermal  conditions  it  vri.ll  be  neqessary  to 
operate  at  slightly  reduced  capacity.  The  capacity  of 
the  system  should  be  reduced  as  a  function  of  the  cool¬ 
ing  demand.  This  may  be  accomplished  by  utilizing  a  temp¬ 
erature  sensing  element  to  actuate  a  control  and  vary  the 
coolant  temperature  or  flow  rate  in  accord  with  the  cooling 
ne"'.s.  The  degree  of  control  depends  upon  the  require¬ 
ments  of  the  most  ten^ierature  sensitive  part  or  parts  in 
the  electronic  assembly. 

(a)  The  simplest  form  of  cooling  rate  control  is  the  in¬ 
termittent  type .  This  function  can  be  provided  by  a 
thermostat  or  temperature  sensing  device,  located 
inside  the  electronic  equipment,  which  turns  the  cir¬ 
culating  pump  on  or  off  as  required.  Improved  temp¬ 
erature  regulation  can  be  obtained  by  allowing  the 
pump  to  run  continuously  and  incorporating  a  thermo¬ 
stat  to  control  a  by-pass  valve  connected  across  the 
heat  exchanger.  Thus,  the  pump  continues  to  circulate 
the  liquid  through  the  electronic  equipment  and  the 
thermostat  controls  the  flow  of  coolant  through  the 
heat  exchanger  to  control  the  temperature  of  the  cool¬ 
ant  . 

(b)  For  electronic  equipments  vAiich  require  more  precise 
temperature  control  than  the  intermittent  control  can 
provide,  a  step  function  type  of  control  can  be  em¬ 
ployed.  The  pressure  and  rate  of  flow  of  coolant  may 
be  varied  in  predetermined  steps  as  desired.  Several 
thermostats  arranged  to  onerate  at  various  tempera¬ 
tures  can  be  connected  to  short  circuit  portions 

of  a  tapped  resistor  in  series  virith  the  pump  motor. 

As  the  temperature  of  the  electronic  assembly  decreases 
below  the  desired  operating  point  the  thermostats  can 
introauce  more  resistance  in  series  with  the  pump 
motor  CO  reduce  the  coolant  flow  . 


INDIRECT  FORCED  LIQUID  COOLING  SYSTStE 
1.  General 


In  inairect  liquid  cooling  systems  the  coolant  liquid  does  not  come 
in  direct  contact  with  the  electronic  parts.  The  primary  cooling 
mcde  from  the  electronic  parts  to  the  coolant  fluid  is  accomplished 
by  other  suitable  :neans  and  the  heat  is  transferred  to  the  coolant. 


Thus,  the  coolant  receives  the  heat  from  the  heat  producing  parts  in¬ 
directly  and  carries  the  heat  away  to  the  sink.  The  electronic  equip¬ 
ment  may  be  internally  designed  to  emphasize  any  one,  or  combinations, 
of  the  various  methods  of  heat  ranoval.  Further,  an  indirect  system 
may  be  applied  to  existing  electronic  equipment  in  order  to  improve 
operation. 

2.  Liquid  Cooled  Plates 

Cold  plate  heat  exchangers  using  fresh  water  as  the  coolant  are  re¬ 
commended  for  shipboard  application.  Section  VI  discusses  these 
exchangers  in  conjunction  with  forced  air  cooling.  The  use  of  fresh 
water  can  be  much  more  effective  than  air  because  the  film  coeffic¬ 
ient  is  greater  (as  much  as  100  times).  Another  advantage  in  using 
water  is  that  its  specific  heat  is  more  than  four  times  that  of  air 
so  that  for  the  same  tanperature  rise  the  same  weight  of  water  will 
absorb  four  times  as  much  heat.  Further,  water  is  rather  easy  to 
transport,  high  flow  velocities  may  be  obtained  without  excessive 
noise  and,  since  it  is  over  800  times  as  heavy  as  air,  the  piping 
will  be  much  smller  than  equivalent  air  ducting.  Thus,  it  appears 
that  the  water  cooling  of  electronic  equipment  has  considerable  merit, 
provided  that  water  supply  and  return  piping  is  made  available  in 
each  compartment. 

3.  Improvement  of  Existing  Equipment  by  Liquid  Cooling 

Some  shipboard  equipments  which  were  originally  designed  for  forced 
air  cooling  are  operating  at  temperatures  well  beyond  safe  values 
for  reliability.  In  general,  this  situation  has  been  caused  by  in¬ 
stallation  in  confined  spaces  along  with  other  equipments  of  high 
heat  dissipation.  Often  the  space  is  uninhabitable  because  the  air 
ventilation  system  is  inadequate  for  the  heat  load  and  no  space  is 
available  for* additional  air  cooling  ducts.  During  the  interim 
period,  until  more  effectively  cooled  equipments  are  provided,  it 
Js  recommended  that  the  cooling  of  such  equipments  be  supplemented 
through  the  utilization  of  fresh  water  cooled  panel  heat  exchangers 
intimately  attached  to  the  inside  of  the  equipment  enclosures.  IWhen 
water  is  circulated  through  the  cold  panel,  the  original  metal  en¬ 
closure  will  act  as  an  additional  heat  exchanger  surface.  The  in¬ 
ternal  air  should  be  cooled  by  the  exchanger  and  recirculated  over 
the  equipment.  Louvers  and  openings  in  the  enclosure  should  be 
covered  so  that  none  of  the  internal  air  leaves  the  system.  This 
will  alter  the  free  and  forced  convection  air  currents  inside  the 
equipment  so  that  it  may  become  necessary  to  divert  the  air  flow 
along  new  paths  to  move  the  heat  from  the  parts  to  the  surface  of 
the  enclosure.  Increasing  the  rate  of  circulation  of  the  air  by 
the  addition  of  new  fans  or  redirecting  the  output  of  existing  fans 
should  create  more  uniform  internal  temperatures. 

U.  New  Lqulpment 

It  is  recommended  for  new  equipments  that  the  individual  con^)onents 
or  subassemblies  be  aesigned  for  base  cooling  with  a  path  of  low 
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NOTE:  SUBASSEMBLIES  ARE  SHOWN 
WIDELY  SEPARATED  FOR  CLARITY 


LIQUID  COOLED  COLD  PLATE 
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thermal  resistance  from  the  heat  producing  parts  to  the  base 
of  the  subassembly.  The  base  of  the  subassembly  should  be  made 
so  that  it  can  be  attached  to  a  liquid  cooled  cold  chassis  (See 
Fig.  UU).  The  optimum  thermal  shape  would  be  a  thin  rectangular 
subassembly,  like  a  shallow  cigar  box,  which  would  slide  in  be¬ 
tween  two  cold  plates  in  sandwich  fashion.  The  subassembly  would 
thus  obtain  the  greatest  amount  of  cooling  on  the  sides  with  the 
largest  area. 

The  limitation  of  this  method  is  the  contact  resistance  between 
the  cold  plate  and  subassembly.  Excellent  cooling  could  be 
achieved  through  the  use  of  liquid  filled  subassemblies  con5)letely 
immersed  in  the  secondary  liquid  coolants. 

Fresh  water  is  recommended  as  the  coolant  for  these  systems.  It 
is  readily  available  on  most  shipboard  and  land  installations. 
Another  coolant  liquid  or  refrigerant  could  be  used.  However, 
to  avoid  condensation  of  moisture  on  the  electronic  equipment, 
it  is  necessaiy  that  the  coolant  tonperature  be  maintained  ten  or 
more  degrees  C  hi^er  than  the  dew  point  of  the  air  surrounding 
the  equipment.  A  sea  water  -  fresh  water  heat  exchanger  tends  to 
maintain  the  coolant  above  the  sea  water  temperature. 

With  a  shipboard  fresh  water  cooling  system  the  operating  tempera¬ 
tures  of  the  various  heat  producing  parts  in  the  electronic  equip¬ 
ment  can  be  maintained  at  almost  any  desired  value  above  50°C. 

Thus,  air  temperatures  within  an  average  equipment  may  be  less 
than  125°C,  while  the  coolant  from  a  sea  water  -  fresh  water  heat 
exchanger  would  seldom  be  lower  than  35®C. 

During  the  winter  whai  the  sea  water  is  near  0°C  it  may  be  neces¬ 
sary  to  control  the  flow  of  fresh  water  through  the  sea  water  to 
fresh  water  heat  exchanger  with  a  bypass  valve  in  order  to  prevent 
over  cooling  or  possible  freezing.  Such  a  control  will  also  aid 
in  reducing  equipment  warmup  time. 

On  land  installations  water  from  a  well  would  probably  be  at 
about  15°C.  This  could  cause  condensation  in  the  electronic  equip¬ 
ment  unless  a  proper  balance  between  air  and  coolant  temperature 
is  maintained.  If  the  land  based  system  utilizes  a  closed  liquid 
system  ana  rejects  heat  to  the  atmosphere  through  a  liquid-to-air 
heat  exchanger,  the  same  type  of  control  of  dew  point  could  be 
maintained  as  in  the  sea  water  to  fresh  water  heat  exchanger. 

Note;  All  water  cooled  equipment  should  be  provided  with  drains 
to  alleviate  freezing  during  non-operating  periods.  Fur¬ 
ther,  liquid  level  devices  should  be  included  in  order  to 
insure  that  the  equipnent  is  adequately  filled  with  water 
and  the  piping  should  be  arranged  so  that  "air  locks"  are 
minimized . 
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G. 


COIPOSITE  LIQUID  COOLDjG  SrSTEu.3 


Composite  systans,  by  definition,  are  those  vrtiich  incorporate  both  di¬ 
rect  and  indirect  liquid  cooling.  Each  part  of  such  a  system  must  be 
treated  according  to  its  type.  In  a  typical  composite  liquid  cooling 
system,  the  heat  producing  electronic  parts  are  directly  inmersed  in 
a  suitable  liquid  (primary  coolant),  a  low  pressure  pump  circulates 
the  liquid  through  the  system.  The  h.at  is  transferred  at  a  heat  ex¬ 
changer  to  another  liquid  (secondary'  coolant).  This  liquid  is  then 
circulated  to  another  heat  exchanter  to  deliver  the  heat  to  the  sink. 

H.  CHaHACTSRISTIGS  OF  COOLANTS 


1.  Silicone  Fluids 


a.  Straight  dimethyl  fluids  are  known  as  the  200  series  sili¬ 
cone  fluids.  It  is  not  recommended  that  these  fluids  be 
operated  at  temperatures  exceeding  150°C  for  optimum  heat 
stability  in  direct  liquid  cooled  equipments.  The  200 
series  fluids  differ  from  each  other  only  in  viscosity. 
Viscosities  ranging  from  .65  to  10^  centistokes*  are  avail¬ 
able  by  blending. 

b.  The  500  and  700  series  silicone  fluids  are  blends  of  the 
dimethyl  and  phenolmethyl  fluids.  They  are  stable  to  200®C 
for  direct  liquid  cooling  applications.  These  fluids  are 
not  available  in  as  wide  a  range  of  viscosities  as  the  200 
series  fluids. 

2.  Other  Coolants 


The  characteristics  of  other  coolants  are  given  in  Appendix  C. 
Only  those  fluids  which  are  recommended  for  electronic  heat  re¬ 
moval  applications  are  noted  tiiereui. 


*  The  "centistoke"  is  the  unit  of  kinematic  viscosity  in  the 

c.g.s.  system  of  units,  and  the  kinematic  viscosity  is 
equal  to  the  absolute  viscosity  divided  by  the  mass  density. 
However,  ;n  engineering  heat  transfer  as  covered  in  this 
Manual,  •.  i.e  units  of  absolute  viscosity  are  lbs  ./(ft. )  (hr. ) . 
To  convert  to  lbs. /(ft.) (hr.),  multiply  centistokes  by  2.1*2 
times  gne  mass  aensity  in  gms./cc.  Note  that  in  the  c.g.s. 
system,  mass  density  and  specific  gravity  relative  to  water 
are  numerically  equal. 
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VIII.  VAPORIZATION  COOLING 


A  •  G£NIiRh.L 


In  vaporization  coolint;  heat  is  removed  from  the  electronic  parts  by 
a  change  in  state  of  the  coolant  from  a  liquid  to  a  vapor.  For  a 
given  weight  of  coolant,  vaporization  cooling  provides  the  most  ef¬ 
fective  cooling  of  any  method. 

When  a  unit  mass  of  liquid  is  heated  at  constant  pressure  it  absorbs 
heat  equal  to  its  specific  heat  (at  constant  pressure)  for  each  de¬ 
gree  rise  in  temperature.  Water,  for  example,  has  a  specific  heat 
of  1.0  Btu/(lb.)(^  ■’rd  when  heated,  from  say  100°  to  150°F,  absorbs 
l.Cx(l50-100)  or  50  Btu  per  pound.  This  heat  absorbed  by  the  liquid 
to  I'aise  its  temperature  is  termed  “sensible  heat".  If  the  liquid 
continues  to  absorb  heat,  it  will  ultimately  reach  a  temperature  at 
which  boiling  or  vaporizing  will  begin.  The  term  "saturated  vapor" 
is  applied  to  a  liquid  vdiich  has  reached  the  boiling  temperature 
corresponding  to  its  vapor  pressure.  The  saturation  temperature  is 
dependent  on  the  pressure  and  increases  with  pressure.  For  example, 
water  at  atmospheric  pressure  (1U.7  psia)  boils  at  212°F.  If  the 
pressure  is  increased  to  i*0.0  psia  it  boils  at  267. 2°F  if  de¬ 
creased  to  5  psia  it  boils  at  162. 2°F. 

When  the  heating  of  the  saturated  liquid  is  continued  at  constant 
pressure,  the  ensuing  boiling  vd.ll  t^e  place  at  constant  tempera¬ 
ture  and  will  continue  until  no  liqxiid  remains.  The  vapor  (steam 
in  the  case  of  water)  is  in  equilibrium  with  the  liquid  at  a  con¬ 
stant  pressure  and  temperature  during  this  vaporizing  or  boiling  prO' 
cess.  When  tte  liquid  is  completely  vaporized  it  is  called  "satura¬ 
ted  vapor",  the  phase  change  having  gone  to  completion. 

The  amount  of  heat  required  to  vaporize  completely  a  unit  weight  of 
saturated  liquid  is  knovm  as  "the  heat  of  vaporization"  or  "the 
latent  heat  of  vaporization".  Its  value  depends  on  the  saturation 
pressure  or  temperature  and  decreases  as  the  pressure  increases. 
Compared  with  the  sensible  heat,  the  heat  of  vaporization  is  much 
larger.  For  example,  970.3  Btu  (2dh  watt  hours)  are  required  to 
completely  vaporize  one  pound  of  water  at  a  saturated  pressure  of 
lh.7  psia  and  212 °F.  Water  has  the  highest  heat  of  vaporization 
of  most  liquids  and,  this,  to.^ethor  with  its  very  high  heat  trans¬ 
fer  coefficient  of  vaporization,  makes  it  a  superior  heat  transfer 
medium. 


Similar  to  liquid  cooling,  vaporization  cooling  may  be  clas.sified 
into  direct  and  indirect  systems.  In  a  direct  system  the  electron¬ 
ic  parts  may  be  completely  iiiuaersed  in  a  volatile  refrigerant.  If 
the  surface  temperature  of  a  heat  producing  part  exceeds  the  boiling 
point  for  a  given  pressure,  small  bubbles  will  be  formed  at  the  sur¬ 
face,  thus  removing  heat  equal  to  the  latent  heat  of  vapoidzation  of 
the  weight  of  liquid  vaporized. 
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A  direct  vaporization  coolin;:  syste..  can  be  vei^-  effective  since 
the  heat  is  removed  directly  from  t.;c“  surface  of  the  ;-iart.  In  the  di¬ 
rect  systems,  since  the  electronic  parts  are  exposeu  to  the  coolant, 
they  are  subject  to  any  lonr;  term  corrosive  or  solubility  effects  irtiioh 
may  exist.  The  coolant  must  be  chemically  inert  with  respect  to,  and 
compatible  v/ith,  the  electronic  parts. 

In  a  direct  cooling,  system  the  vaporized  refrigerant  liquid  is  con¬ 
sidered  to  be  the  primary  coolant.  In  an  indirect  system  the  initial 
heat  is  removed  from  the  electronic  parts  to  a  separate  heat  exchanger 
by  any  suitable  me^ns.  The  coolant  is  only  used  to  accomplish  cool¬ 
ing  in  the  heat  excihanger  (secondary  coolant). 

NOTES  m  VaPORI^TION  GOGLI^'G  aM)  BOILING 

If  saturated  vapor  is  further  heated  at  >•  ^nstant  pressure,  its  temp¬ 
erature  rises  and  the  vapor  bcccmes  “supex'heated" .  The  specific  heat 
of  the  vapor  is  smaller  than  that  of  the  liquid.  Superheated  steam 
has  a  constant  pressure  specific  heat  of  about  0.1;9  Btu/(lb.)(°F)  at 
atmospheric  pressure.  In  vaporization  cooling  of  electronic  equipment, 
it  is  doubtful  that  superheated  vapor  will  be  encountered,  since  the 
saturated  vapor  must  again  come  in  contact  with  a  hot  surface  away 
from  the  liquid  and  die  small  specific  heat  and  low  coefficient  of 
heat  trar.5fer  do  not  justify  usin^,  superheated  vapor  as  a  heat  trans¬ 
fer  medium. 

The  many  variables  involved  in  the  mode  of  heat  transfer  taiown  as 
boiling  has  complicated  the  formulation  of  general  equations  from 
vfhich  boiling  coefficients  can  be  predicted.  The  following  is  from 
I'ef  erence(22) : 

"When  a  liquid  is  boiled,  as  ♦•he  temperature  difference  between 
the  boiling  liquid  and  surface  is  increased,  tiiC  rate  of  boiling 
(and  the  amount  of  heat  f levying)  increases,  hut  reaches  a  raaxinaim 
ath  a  critical  temi')erature  diff.rence  above  which  the  rate  of 
boiling  decreases .  as  the  temperature  difference  becomes  greater 
than  this  critical  aifference,  i.he  vapor  fomea  oy  boiling  acts 
as  an  iisulator,  impeding  the  transfer  of  heat.  The  critical 
difference  for  v/ater  is  about 

"In  general,  tiie  rate  of  boiliq,  is  i.ncreased  as  tiie  surface  be¬ 
comes  rougher,  and  as  the  liquid  oeing  toiled  is  agitated.  It 
^s  increased  v/ith  an  increase  in  caiperature  difference  up  to 
the  critical  point,  ana  is  reduced  oy  scale  ana  airt  aep'osits. 

For  boiling,  it  is  usually  necessary-  to  measure  the  overall 
transfer  coefficients  for  the  particular  liquid  and  physical 
conditions  in  question,  as  there  are  few  data  available." 
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DIRECT  VAPORIZATI®  COOLlMi  ^itoTElB 


1.  Liquid  Potting 

An  exan^jle  of  liquid  potting,  wMch  is  one  of  the  simple  var  oriz- 
ation  cooling  systems,  is  shown  in  Figure  US.  The  electronic 
parts  are  completely  inmersed  in  a  V'- \atile  refrigerant,  such  as 
Freon  ”113".  Since  the  container  is  hermetically  sealed,  a  small 
space  has  been  left  in  th-  top  of  the  container  to  allow  for  ex¬ 
pansion  of  the  Freon  vapor.  IKhen  the  surface  above  this  space  is 
cooled,  the  vapor  will  condense  and  return  to  the  liquid  state. 

The  heat  producing  components  are  mounted  with  their  longest  axis 
in  the  vertical  position  to  aid  the  formation  of  convective  cur¬ 
rents  in  the  liquid.  Heat  is  rejected  not  only  at  the  top  sixr- 
face  of  the  container  by  concensation,  but  also  at  the  sines  and 
bottom  by  convection,  n-s  the  surface  of  the  heat  producing  parts 
exceeds  the  boiling  temperature  of  the  Freon  ^which  depends  upon 
the  internal  pressure  in  the  hermetically  sealed  container), 
bubbles  are  formed  at  the  hot  surfaces,  submerged  boiling 
takes  place  and  induces  free  convective  currents  in  the  Freon. 
Due  to  the  high  film  coefficient  of  the  boiling  liquid,  the  temp¬ 
erature  difference  between  the  parts  and  the  liquid  is  usually 
very  small. 

a.  Design  Considerations 

One  of  the  primary  design  considerations  in  liquid  potting 
is  the  necessity  to  design  the  container  so  that  it  can  ^rith- 
stand  high  internal  pr'^scurc".  with  an  adet  -ate  factor  of 
safety.  For  example,  Freon  "113",  at  a  saturation  tempera¬ 
ture  of  122°C,  has  an  absolute  pressure  of  70  pounds  per 
square  inch.  Care  should  be  taken  in  subjecting  electronic 
parts  to  high  pressures.  Reference  to  a  Mollier  diagra.-. 
will  provide  the  operating  pressure  for  a  given  saturation 
tempe.ature. 

The  temperature  of  the  liquid  will  vary  with  the  internal 
vapor  pressure  until  equilibrium  vfith  the  thermal  environ¬ 
ment  external  to  the  container  is  reached.  Experiments  show 
that  temperature  differences  between  components  and  containers 
may  be  as  low  as  from  5  to  10°C.  The  most  temperature  sen¬ 
sitive  component  part  will  limit  the  maximum,  fluid  tempera¬ 
ture  to  a  value  that  irvill  still  maintain  circuit  stability. 

For  this  reason,  tlie  thermal  advantages  of  the  snail  fluid- 
to-part  ten^ierature  differences  produced  by  direct  vapor¬ 
ization  cooling  are  desirable. 

The  practical  considerations  of  the  internal  pressure  on 
electronic  parts  ana  the  heat  dissipation  capabilities  of 
the  container  to  its  thermal  environment  define  the  condi¬ 
tions  \mder  which  this  type  of  cooling  may  be  utilized. 
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2.  Expendable  Direct  Vaporization  Cooling 


In  expendable  vaporization  cooling  systems  the  heat  bearing 
vapor  is  expended  to  the  atmosphere  as  a  inaste  product.  Figure 
U6  presents  an  example  of  such  a  system  in  which  the  electronic 
parts  are  completely  immersed  in  a  suitable  refrigerant  liquid. 
In  order  to  expend  the  heat  laden  vapor  to  the  atmosphere,  it 
is  necessary  to  operate  the  subassembly  at  a  temperature  that 
will  produce  a  refrigerant  vapor  pressure  greater  than  atmos¬ 
pheric  pressure. 

a.  Control  of  Temperature  and  Pressure 

There  are  two  ways  to  control  the  temperature  in  expendable 
systems  i 

(1)  A  constant  pressure  may  be  maintained  above  the  liquid 
by  the  use  of  a  spring  loaded  pressure  relief  valve.  A 
special  valve  has  been  developed  for  expendable  systems 
to  maintain  an  evaporating  liquid  at  a  constant  absolute 
pressure  above  an  evaporating  liquid  (See  Ref ,23). 

(2)  The  second  method  is  to  use  a  temperature  sensing  de¬ 
vice  to  control  a  variable  area  discharge  nozzle  which 
varies  the  internal  pressure  and  maintains  the  tempera¬ 
ture  sensing  device  at  a  constant  tanperature. 

nie  cooling  capacity  and  operating  time  of  an  expendable 
system  is  limited  by  the  supply  of  coolant  available.  It 
is  necessary  that  the  heat  laden  and,  perhaps,  toxic  vapor 
be  directed  to  the  outside  atmosphere  and  not  be  released 
in  any  space  occupied  by  personnel. 

b.  Exang)le  7  -  Computation  for  an  Expendable  Vaporization 

Cooling  System 

An  approximation  of  the  amount  of  refrigerant  required  to 
dissipate  a  given  power  may  be  computed  as  shown  in  the  fol¬ 
lowing  example: 

Given;  An  electronic  subassembly  at  32°C  ambient,  dissipat¬ 
ing'^  watts  in  a  2  l/2"  x  2  l/2"  x  1;"  container,  half  of 
idiich  is  occupied  by  electronic  parts j  the  remaining  volume 
is  filled  with  Freon  "113". 

Assume;  All  of  the  heat  dissipated  vaporizes  the  Freon  "113" 
which  is  expended  through  the  relief  valve  to  the  atmosphere 
(There  is  no  heat  transfer  from  the  case) . 
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The  ^stem  operates  as  a  direct  ejipendable  vaporization 
cooling  system  in  which  the  pressure  relief  valve  operat¬ 
ing  pressure  is  l8  psia,  corresponding  to  a  5U.2®C  satur¬ 
ation  temperature. 

Required;  The  quantity  of  Freon  ''113”  required  and  the  time 
the  subassembly  will  operate  without  requiring  replenish¬ 
ment  of  the  Freon. 

Ttie  "sensible  heat"  absorbed  by  the  liquid  Freon  "113"  at  32°C 
(90°F)  heated  to  saturated  liquid  at  51t-2“C  (128'^F)  is; 

Freon  Tables  (Appendix  C).  The  specific  heat  of  Freon 
"113"  at  an  average  temperature  of  109°F  -  0.223 

Sensible  heat  -  0.223  x  (128-90)  -  8.5  Btu/lb. 

The  heat  absorbed  by  the  Freon  "113"  due  to  the  change  from 
the  liquid  to  vapor  state  at  51i.2°C  (126°F)  is; 

Latent  heat  of  vaporization  »  Enthalpy  of  saturated  vapor 
minus  Enthalpy  of  saturated  15.quid  at  18  psia. 

Latent  heat  -  95.0  -  35*8  -  59.2  Btu/lb, 

Total  heat  absorbed  =  sensible  heat  +  latent  heat  of 
vaporization  •>  8.5  +  59.2  =  67.7  Btu/lb. 

Power  dissipation  in  Btu/)ir. 

1  watt  •  3.U13  Btu/)xr. 

10  watts  X  3.U13  =  3U.13  Btu/hr. 


Pounds  of  Freon  "113^1^ i^uired  per  hour  of  operation 


lbs ./hr.  required 
subassembly. 


wrr 


.$0h  lbs.  required  to  cool 


Number  of  hours  the  subassembly,  full  of  Freon  will  last: 
Total  cu.  content  -  ^l|s8  ^  cu.ft. 

Liquid  volume  ■  0.00725  cu.  ft. 

Density  of  liquid  Freon  "113"  approx.  97  Ibs./cu.  ft. 
Pounds  of  Freon  in  subassembly  ■  0.00725  x  97  -  0.70U  lbs. 
Duration  of  Freon  in  subassembly  -  1.1;  hrs. 
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3.  Direct  Spray  Systems 
a.  Gmeral 


Spray  cooling  can  be  used  to  provide  improved  film  coeffic¬ 
ients  over  those  obtained  with  direct  immersion.  Further, 
the  total  wei^t  of  coolant  can  be  greatly  reduced.  Fig. 
ii7  shows  a  direct  evaporative  spray  cooling  system.  The 
refrigerant  is  pumped  from  the  reservoir  into  the  spray 
manifold,  from  which  it  is  sprayed  over  the  heat  producing 
parts  in  the  subassembly.  The  surplus  refrigerant  is  col¬ 
lected  in  the  bottom  of  the  subassembly  and  returned  to  the 
reservoir  for  recirculation.  This  direct  spray  system  is 
more  economical  of  the  weight  and  quantity  of  fluid  used 
for  a  given  amount  of  cooling  than  other  direct  systems, 
and  may  be  operated  at  atmospheric  pressure.  A  reasonably 
high  pump  pressure  is  required  to  overcome  the  pressure  drop 
in  the  system. 

b.  Design  Considerations 

One  of  the  main  problems  in  a  spray  system  is  in  obtaining 
complete  wetting  of  the  heat  producing  electronic  parts. 

This  is  oependent  upon  the  pump  pressure,  position  and  pat¬ 
tern  of  the  spray  jets.  More  uniform  wetting  of  tubes  can 
be  obtained  by  wrapping  copper  screens  and  wick  material 
around  the  parts  to  be  cooled.  The  pump  power  requirements 
in  this  system  may  be  rather  high  since  a  large  positive 
pressure  must  be  maintained  in  the  manifold.  All  of  the 
other  factors  which  apply  to  the  spray  cooling  system  de¬ 
scribed  in  the  liquid  cooling  section  also  apply  to  vapor¬ 
ization  spray  systems. 

INDIRECT  VAPORIUTION  COOLIMG 

1.  General 


In  indirect  vaporization  cooling  systems,  the  electronic  sub- 
assemblies  may  be  constructed  and  assembled  to  employ  any  ade¬ 
quate  primaiy  cooling  means.  The  waste  heat  is  removed  from 
the  surface  of  the  subassemblies  and  transferred  to  a  heat  ex¬ 
changer  for  rejection  to  an  evaporative  coolant.  Such  an  ar¬ 
rangement  permits  the  use  of  a  coolant  which  is  not  compat¬ 
ible  with  the  electronic  parts. 

A  large  cooling  capacity  may  be  obtained  with  a  very  small  ex¬ 
penditure  of  power  if  some  readily  available  liquid,  such  as 
water,  is  used  as  the  evaporative  coolant.  This  means  that 
the  water,  at  atmospheric  pressure,  would  have  to  be  heated 
to  100°C  in  the  heat  exchanger  and  the  steam  rejected  to  the 
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Fig.  47  DIRECT  EVAPORATIVE  SPRAY  COOLING  SYSTEM 


atmosphere.  The  steam  expended  could  be  replaced  by  the  ad¬ 
dition  of  more  Y<ater  to  the  system,  thereby  eliminating  the 
equipment  required  to  condense  the  vapor. 


If  liquid  cooling  is  used  as  a  priraaiy  cooling  means,  the  rate 
of  primary  coolant  flew  through  the  exchanger  may  be  varied  by 
throttling  or  by  using  a  by-pass  valve  across  the  heat  exchang¬ 
er.  If  an  air-to-liquid  heat  exchanger  is  used,  the  blower 
may  be  throttled  to  control  the  velocity  through  the  exchanger 
and  the  supply  temperature  may  be  controlled  by  a  by-pass 
aro\md  the  exchanger. 

2.  Examples  of  Indirect  Vaporization  Cooling  Systems 
a.  Liquid-to-Liquid  Systems 

Figure  shows  a  typical  expendable  indirect  system  in  which 
the  liquid  potted  electronic  subassemblies  are  directly  im¬ 
mersed  in  the  secondary  refrigerant  liquid.  The  subassembly 
cases  act  as  the  heat  exchanger  between  the  primary  potting 
liquid  and  the  secondary  evaporative  refrigerant.  The  evap¬ 
orating  temperature  of  the  coolant  is  controlled  by  the 
pressure  relief  valve  through  which  the  refrigerant  vapor 
is  vented  to  the  atmosphere.  ^Vhen  the  liquid  level  falls 
below  a  certain  level  the  pump  control  switch  actuates  the 
electric  pump  to  replace  the  vaporized  refrigerant.  The 
check  valve  allows  the  piunp  to  replace  the  vaporized  re¬ 
frigerant  as  required  but  does  not  permit  the  refrigerant 
to  leak  back  when  the  pump  is  not  in  operation.  If  the 
liquid  is  stored  at  a  higher  pressure  than  in  the  heat  ex- 
ch^ger,  a  pump  will  not  be  reqiiired  and  the  switch  could 
actuate  a  demand  valve  on  the  reservoir  to  supply  additional 
refrigerant  as  needed. 

Figure  U9  presents  two  equipments  that  are  cooled  by  direct 
forced  liquid  cooling.  The  primary  coolant  is  pumped  throu^ 
the  subassemblies  by  means  of  the  primary  coolant  pump,  and  the 
flow  control  valves  in  the  discharge  lines  of  the  subassem¬ 
blies  control  the  rate  of  cooling.  The  heat  bearing  primary 
coolant  fluid  is  in  turn  cooled  by  the  evaporating  liquid 
in  the  heat  exchanger.  The  saturation  temperature  in  the 
heat  exchanger  is  regulated  by  the  constant  pressure  relief 
valve.  In  this  system,  the  prinary  coolant  is  a  liquid 
which  is  capable  of  raintaining  its  liquid  state  at  a  much 
higher  temperature  than  the  secondary  evaporative  coolant. 

This  system,  as  shown,  is  of  limited  operating  time,  as 
vaporization  of  the  secondary  coolant  continues  only  until 
all  of  the  liquid  is  spent.  It  nay  be  made  continuous 
(closed  cycle)  by  application  of  a  condenser  and  reservoir. 
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b. 


Air-To-Liquid  Systans 


Indirect  expendable  vaporization  cooling  systems  may  be  em¬ 
ployed  in  conjunction  with  forced  air  cooled  equipment.  The 
cooling  air,  in  such  a  system,  is  passed  through  a  heat  ex¬ 
changer  cooled  by  the  evaporation  of  a  suitable  refriger¬ 
ant.  The  air  ten^jerature  at  the  entrance  to  the  electronic 
equipment  will,  of  course,  depend  upon  the  temperature  of 
the  refrigerant  used  in  the  heat  exchanger. 

Design  Notes 

Design  data  applicable  to  cooling  of  electronic  equipment  by  vapor¬ 
izing  liquids  are  meager,  ^his  makes  initial  analysis  of  a  given 
design  only  practical  in  broad  and  general  terms.  Thermodynamic 
properties  of  refrigerants  may  be  obtained  from  Mollier  diagrams. 

See  Appendix  C. 

Only  after  thermal  and  electrical  evaluation  tests  of  a  prototype 
model  can  the  most  effective  conditions  of  operation  be  determined. 
Generally  speaking,  heat  transfer  by  vaporizing  a  liquid  is  in¬ 
fluenced  by  the  following  factors: 

1.  A  high  film  coefficient  and  good  wetting  properties  are  de¬ 
sired  in  the  coolant,  since  the  wettability  of  the  con^sonents' 
surface  infliiences  the  size  and  shape  of  the  vapor  bubbles 
which  are  formed  and  liberated  directly  from  the  surface  of 
the  heat  producing  parts, 

2.  Small  bubbles  irtiich  form  on  surfaces  that  are  easily  wetted 
are  more  promptly  disengaged  from  the  surface  than  larger 
bubbles . 

3.  Kase  of  bubble  formation  and  ease  of  detachment  of  the  bubbles 
from  the  hottest  surface  promotes  high  film  conductance. 

U.  The  liquid  in  direct  contact  with  the  heat  producing  part  is 
usually  superheated  several  degrees  above  the  saturation  tanp- 
erature  that  corresponds  to  that  liquid. 

5.  Rough  surfaces  of  electronic  parts  show  less  superheating  of 
the  liquid  and  better  heat  transmission  than  smooth  surfaces. 

Until  extensive  en^irical  design  information  is  made  available, 
it  will  be  necessary  to  use  the  experimental  approach  in  the  design 
of  each  new  vaporization  cooling  systan.  The  selection  of  the  pump 
presents  a  problem.  In  some  applications  the  pump  should  be  cap¬ 
able  of  pumping  either  liquid  or  vapor  without  the  need  of  a  lubri¬ 
cant  in  the  refrigerant.  The  amount  of  refrigerant  in  the  system 
and  its  distribution  over  the  electronic  parts  must  be  determined 
experimentally  during  initial  electrical  and  thermal  testing  of  the 
equipment . 


The  technique  of  sealing  refrigerants  is  new  to  the  electronics 
field  but  not  to  the  refrigeration  field.  One  difficulty  en¬ 
countered  has  been  in  attempting  to  make  a  pressure  tight  seal  with 
a  flat  rubber  gasket  between  two  flat  surfaces.  The  recommended 
method  for  a  pressure  seal  is  to  form  a  groove  in  the  two  flat  sur¬ 
faces  to  receive  a  recessed  gasket  or  0-ring.  With  this  type  of 
seal,  the  plates  do  not  have  to  be  brous,ht  together  with  as  much 
uniformity,  and  the  equipment  can  be  opened  numerous  tinKs  for  in¬ 
spection  without  damage  to  the  gasket  or  the  effectiveness  of  the 
seal. 

NOTES  CM  PROPERTIES  OF  VAPORIZATION  CCX)UMTS 

The  physical  and  electrical  characteristics  of  various  vaporiza¬ 
tion  coolants  are  presented  in  Appendix  C.  Supplemental  data  may 
be  obtained  from  the  manufacturers. 

1.  Freons 


Freon  "113"  has  been  found  to  be  the  most  practical  coolant  for 
direct  vaporization  cooling  systems  because  of  its  compatibility 
with  most  materials  used  in  electronic  equipment.  However, 
it  has  relatively  high  vapor  presstire  and  relatively  low  latent 
heat.  The  heat  transfer  coefficient  for  Freon-12  boiling  with¬ 
in  tubes  is  from  l50  to  300  Btu/(hr.)(sq.ft.)(°F)  difference  be¬ 
tween  fluid  and  tube  wall  temperatures.  It  appears  that  these 
figures  are  representative  of  the  family  of  Freon  refrigerants 
although  little  data  is  available.  These  values  are  low  when 
compared  to  boiling  water  coefficients  which  may  exceed  2000. 

2 .  Perfluorocarbon  Liquids 

Where  the  "Freon"  refrigerants  are  unsuitable  as  vaporization 
coolant  liquids  because  of  too  low  a  boiling  point  at  atmos¬ 
pheric  pressure,  the  lov^er  chemical  series  perfluoro carbons 
may  find  successful  application. 

"Completely  fluorinated  hydrocarbons,  that  is,  compounds  con¬ 
sisting  of  carbon  and  fluorine,  have  been  given  the  generic 
name,  "perfluorocarbons" .  The  perfluorocarbons  constitute  a 
class  of  stable  and  chemically  inert  compounds.  The  lower 
members  are  thermally  stable  up  to  temperatures  of  li00°C.  They 
will  not  bum  and  are  resistant  to  the  action  of  concentrated 
acids,  at  temperatures  well  above  100°C.  They  do,  however,  de¬ 
compose  at  a  dull  red  heat.  They  are  attacked  only  by  such  re¬ 
agents  as  metallic  sodium  and  potassium  at  temperatures  of  200°C 
and  at  lower  temperatures  by  elemental  fluorine.  The  higher 
chemical  series  members  exhibit  similar  chemical  inertness  but 
are  somewhat  more  heat  sensitive." 


13U 


"The  perfluorocart)ons  are  characterized  by  low  indices  of  re- 
fractioHj  hi^  specific  gravities  and  lower  boiling  points 
than  other  conqiounds  of  similar  molecular  weight.  They  are 
insoluble  in  polar  solvents.  They  are  slightly  soluble  in 
non-polar  solvents,  but  much  less  so  than  are  hydrocarbons, 
esters,  dilorinated  compoxinds,  etc. 

"The  higher  members  of  the  perfluorocarbon  liquid  series  tend 
to  be  substantially  insoluble,  less  than  0.1$,  in  all  organic 
solvents.  An  exception  to  this  is  Freon  "113"  ^ 

which  these  perfluorocarbons  are  miscible.  It  is^e^dent 
from  the  table  of  solubilities  that  insolubility  increases 
with  molecular  weight  (ref.  2li)." 

Electrical  Properties 

"The  perfluorocarbons  are  diaracterized  by  low  dielectric  con¬ 
stants,  which,  in  general,  change  only  slightly  over  the  fre¬ 
quency  range  of  100  cps.  to  100  kc.  Thus,  the  dielectric 
constant  of  C-F^,  the  member  with  the  lowest  value,  ranges 
from  1.69  to  1.70  over  the  above  frequency  range,  while  a  per¬ 
fluorocarbon  with  a  boiling  range  of  210  to  21iO®C  has  the 
highest  value  and  the  greatest  range,  2.02  at  100  cps.  to 
1.90  at  100  kc. 

"The  power  factor  is,  in  general,  low  and  compares  favorably 
with  standard  transformer  oils.  Apparently  no  relationship 
exists  between  power  factor  and  structure  of  the  molecule. 
Thus,  C-jFmCperfluoromBtbyloyclohexane),  the  simplest  member 
of  the  seiles  has  a  power  factor  varying  from  0.00^5  at  100 
cps  to  0.0005  at  100  kc.  while  the  value  for  perfluorocarbons 
distilling  from  130  to  150°C  (a  complex  mixture)  varies  frcm 
0.0015  to  0.0003  over  the  same  frequency  range... 


"The  volume  resistivity  a«i  the  dielectric  strength  of  the 
perfluorocarbons  are  generally  much  better  than  standard 
transformer  oils.  Thus,  CgFj^  has  a  volume  resistivity  of 
1.2  X  10^2  ohijs  and  a  dielectric  strength  of  15,000  volts 
as  compared  to  the  values  for  a  standard  transformer  oil 
of  1,1  X  10^  and  15,000.  The  opposite  extreme  is  that  of 
perfluorocarbons  distilling  from  210  to  2I(0®C,  which  have  a 
resistivity  of  1.7  x  10^  ohms  and  a  dielectric  strength  of 
20,000  volts.  Here  again,  little  relationship  exists  between 
structure  and  volume  resistivity  and  dielectric  strength." 
(Bef.2li). 
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3.  Fluorochemlcals 


Fluorochendcal  liquids  which  possess  chemical  and  thermal  stab¬ 
ility  are  now  being  offered  conuseroially.  They  are  nonflammable, 
nonexplosive,  nontoxic,  noncorrosive  to  metals,  plastics,  etc., 
and  have  excellent  Insulation  properties.  These  materials  pos¬ 
sess  a  coniiination  of  properties  which  make  them  of  particular 
interest  to  the  heat  transfer  designer.  They  offer  the  best 
present  hope  for  coolants  applicable  to  operation  from  subzero 
to  UOO^C  or  higher.  When  properly  applied,  it  would  appear  that 
they  can  veiy  markedly  increase  the  efficiency  of  certain  heat 
transfer  operations,  (ref.  25). 

"Fluorochemical  liquids  are  remarkably  stable  in  that  they  are 
not  attacked  by  concentrated  acids,  solid  alkalies,  strong  oxi¬ 
dizing  agents  or  reducing  agents.  Two  fluorochemlcals,  perfluoro- 
tributylamine,  (ChF9)3N,  Fluorochemical  N-l*3,  and  a  perfluoro 
cyclic  ether,  with  an  empirical  formula  C3F2J5O,  Fluorochemical 
0-75,  are  representative  of  the  classes  which  are  available. 

The  thenul  stability  of  Fluorochemical  0-75  vas  tested  by  heat¬ 
ing  at  U00°C  (725^F)  for  65  hours  in  a  stainless  steel  autoclave 
in  the  presence  of  copper.  There  was  no  detectable  decosqiositlon. 
Fluorochemical  N-t;3  under  the  same  conditions  decomposed  less 
than  O.U%  as  determined  by  free  fluoride  ion.  The  liquid  becams 
faintly  straw-colored  and  there  was  a  thin  dark  deposit  on  the 
copper.  This  is  similar  to  other  tests  idiich  showed  the  perfluoro 
tertiary  amines  to  be  slightly  less  stable  than  the  perfluoro 
ethers.  Tn  another  series  of  tests  to  determine  effects  on  common 
materials  of  construction,  test  strips  of  iron,  copper,  aluminum, 
silicone  rubber,  varnished  cambric.  Teflon,  aisd  Kraft  paper  were 
partially  submerged  in  Fluorochemical  N-lO  and  Fluorochemical 
0-75  St  90°C  (19lI°F)  for  eleven  weeks.  No  change  was  noted  on 
the  test  strips  or  the  liquids.  In  similar  tests,  where  excess 
water  but  no  air  was  present,  there  was  only  slight  corrosion  of 
the  metals.  The  corrosion  was  barely  discernible  in  the  liquid- 
phase  portion  of  the  strip,  which  can  probably  be  accounted  for 
by  the  low  solubility  of  water  in  fluoriiuited  liquids  (less  tJian 
25  ppm) .  In  the  case  of  varnished  cambric,  the  water  extracted 
the  vaznish.  Because  of  the  insolubility  of  fluorinated  liquids 
in  organic  solvents,  they  do  not  swell  rubber  nor  extract  the 
plasticizers  from  insulating  materials  or  sealants.  Teflon  is 
not  affected  by  either  of  the  above  liquids  at  tenperatures  up 
to  250°C."  (Ref.  25) 

The  electrical  properties  of  the  two  fluorochemical  liquids  are 
of  particular  interest.  Both  liquids  have  low  dielectric  con¬ 
stants  and  low  loss  factors  over  wide  frequency  and  tenperature 
ranges.  See  Figs.  57,  58,  59  and  60  in  Appendix  C. 

Both  the  perfluoro  liquids  have  high  dielectric  strength  and  high 
resistivities  as  shown  in  Table  11. 
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EABLE  11 


Resistivity  and  Dielectric  Strengtli  o£ 
Fluo  rc  c  b  e  mica  Is 


Designation  N-li3  0-75 

r’esistivity  (2  kv/cm)  ohm-c.m  10^  -  10^°  10l5  -  10^7 

Dielectric  strength,  ASTU  D-877  US  U3 


The  dielectric  strength  of  the  vapors  is  also  high.  At  one 
atmosphere  pressure,  the  value  approaches  that  of  the  liquid. 

Two  methods  of  heat  transfer  in  which  the  use  of  f luorochemical 
liquids  is  advantageous  are  by  free  convection  and  evaporative 
spray  cooling.  In  the  former,  the  high  density,  high  coeffic¬ 
ient  of  expansion  and  low  viscosity  of  these  liquids  result  in 
high  free  convection  modulus,  while  the  low  soecific  heat,  is 
ccanpensated  by  low  thermal  conductivity. 

The  modulus  for  fluoro  hemical  N-U3  ranges  from  5  to  2000  x 
lOO  per  cu.  ft.  -  °F  over  the  temperature  range  77°  tc  350°F. 

The  modulus  for  fluorochemical  0-75  ranges  from  UO  to  200  x 
108  per  cu.  ft.  -  °F  from  77°  to  21ii°F,  while  a  transformer 
oil  ranges  from  1  to  20  x  10°  per  cu.  ft.  -  °F  between  the 
latter  temperatures .  See  Tables  29  and  30. 

Ij.  OTHER  COOIANTS 

Table  31  from  Reference  26  lists  properties  of  eleven  coolants  ac¬ 
cording  to  their  latent  heat.  The  first  six  refrigerants  merit 
consideration  for  direct  vaporization  cooling  because  of  their 
high  dielectric  constants.  With  the  exception  of  Freon  "113"  most 
of  them  have  some  deleterious  effect  on  certain  materials  used  in 
electronic  equipment. 

The  last  five  refrigerants  in  Table  31  are  listed  for  possible 
use  in  indirect  vaporization  cooling  systems.  The  last  two  refrig¬ 
erants  listed  are  binary  solutions  of  water  and  methanol  and  water 
and  ammonia.  Ref.  26  shows  curves  of  the  variation  of  absolute 
pressure  for  evaporation  at  constant  temperature  and  the  variation 
of  temperature  for  evaporation  at  sea  level  pressure  as  functions 
of  the  Utent  heat  added,  for  the  two  binary  solutions.  Curves  are 
also  shown  that  indicate  the  water  content  by  weight  of  the  remain¬ 
ing  liquid  coolant  at  any  point  of  the  evaporative  process. 

Temperature  control  of  a  boiling  binary  solution  cannot  be  main¬ 
tained  by  a  constant  absolute  pressure  above  the  liquid,  as  with 
a  single  substance,  because  the  vapor  pressure  of  the  binary  solu¬ 
tion  gradually  decreases  as  the  most  volatile  part  of  the  solution 
boils  away.  Ihe  change  in  vapor  pressure  is  also  accompanied  by  a 
change  in  temperature. 
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IX.  THE  SELECTION  Of  OPTIMUM  COOLING  METHODS 


A .  QENEBAL 


This  section  is  related  to  the  relative  merits  of  the  various  cooling 
means  and  methods  of  determining  the  most  practical  cooling  mode  for 
a  particular  application.  The  figure  of  merit  which  has  been  assigned 
is  the  heat  concentration  in  watts/cu.in.  In  those  instances  wherein 
the  external  surface  area  of  the  device  limits  the  thermal  resistance, 
the  unit  heat  dissipation  in  watts/sq.  in.  is  also  mentioned  as  a 
secondary  figure  of  merit.  These  numbers  can  also  be  used  as  a 
measure  of  the  magnitude  of  the  design  problem. 

In  general,  there  are  a  number  of  practical  cooling  techniques  which 
are  satisfactory  within  stated  limits.  Certain  of  these  techniques 
with  slight  modification  and  some  experimentation  can  be  applied  to 
specific  designs.  It  is  true  that  the  thermal  design  of  electronic 
equipment  has  not  been  reduced  to  an  exact  mathematical  science. 

However,  the  order  of  magnitude  of  any  specific  cooling  design  can  be 
determined.  Since  this  places  the  design  in  a  finite  known  range, 
the  limits  of  the  design  and  experimentation  can  readily  be  established. 

The  selection  of  the  optimum  cooling  method  should  be  preceded  by  the 
breadboard  development  of  the  electronic  circuit.  If  the  electronic 
performance  is  influenced  by  the  cooling  method,  the  circuit  of  the 
prototype  model  should  be  modified  after  the  initial  breadboard  tests. 

The  selection  of  cooling  methods  discussed  herein  are  primarily  predi¬ 
cated  upon  the  heat  concentrations  and  signal  frequencies  involved 
in  shipboard  and  ground  based  equip.ments .  Other  factors  such  as  the 
complexity  of  the  equipment,  space,  power,  thermal  environment, 
available  sinks  and  cost  must  also  be  considered  by  the  designer. 

Since  the  optimum  method  of  heat  removal  within  a  subassembly  and  a 
unit  may  differ  from  that  used  to  transfer  the  heat  to  the  ultimate 
sink,  each  will  be  separately  discussed. 

B.  HEAT  TRANSFER  'WITHIN  A  UNIT 


1.  General 

The  method  of  heat  removal  from  within  a  subassembly  must  be  such 
as  to  provide  a  low  temperature  gradient  between  the  heat  pro¬ 
ducing  parts  and  the  cooled  surface  or  the  local  sink.  The  cool¬ 
ing  method  must  be  simple,  light  weight,  reliable,  easily  main¬ 
tained  and  economical.  Further,  it  should  occupy  a  minimum  of 
volume,  preferably  utilizing  the  voids  between  densely  packaged 
parts . 

2.  Natural  Methods 


Natural  cooling  means  are  recommended  for  use  within  most  mini¬ 
aturized  electronic  subassemblies.  They  are  frequently  the  only 
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possible  means  of  heat  removal.  Hermetic  sealing  and  the  dense 
packaging  of  parts  can  prevent  the  use  of  other  techniques.  Metal¬ 
lic  conduction  should  be  considered  initially  as  the  primary  cooling 
means.  Radiation  cooling  is  not  recommended  as  a  primary  means , 
since  high  temperature  differences  are  required  for  appreciable 
heat  transfer.  Further,  the  control  of  the  cooling  path  is  lost 
since  the  heat  will  be  radiated  into  nearby  subasseinblies .  Con¬ 
vection  cooling  requires  large  areas  which  are  seldom  available 
within  subassemblies.  Also,  convection  currents  will  transfer  the 
heat  into  other  locations  which  will  only  require  additional  cool¬ 
ing. 

Plastic  embedment  may  be  used  at  heat  concentrations  of  the  order 
of  0.25  watts  per  cubic  inch  at  ambient  temperatures  of  the  order 
of  85°C.  Metallic  conduction  can  be  used  for  heat  concentrations 
as  great  as  2  watts  per  cubic  in.  (See  Fig.  50)  TLs  maximum 
unit  heat  dissipation  for  free  air  cooled  surfaces  is  usually  0.25 
watts/sq.  in.  In  a  few  high  temperature  devices,  unit  heat  dissi¬ 
pations  as  high  as  0.5  watts/sq.  in.  have  been  achieved.  It  should 
be  noted  that  hermetic  sealing  is  essential  for  many  equipments 
which  must  operate  under  rigorous  climatic  and  environmental  con¬ 
ditions.  Overall  package  sealing  simplifies  the  problem  to  the 
extent  that  only  one  large  seal  must  be  made  and  all  parts  are  pro¬ 
tected  by  it.  Admittedly,  overall  sealing  prevents  easy  access  for 
servicing  by  requiring  the  entire  subassembly  to  be  opened  with 
consequent  loss  of  any  inert  gas  or  liquid  and  the  possible  entrance 
of  moisture.  Sealed  subassemblies  can  be  easily  replaced,  espe¬ 
cially  if  they  are  of  the  plug-in  type.  Certain  electronic  circuits 
such  as  RF,  IF,  and  video  amplifiers  cannot  readily  tolerate  the 
increased  capacitance  and  losses  associated  with  plastic  embedment. 
In  such  instwces  an  inert  gas  is  advisable.  Gases  with  high 
thermal  conductivities  such  as  helium  or  hydrogen  can  be  used  to 
increase  heat  transfer  by  gaseous  conduction.  Additional  informa¬ 
tion  on  these  matters  is  incorporated  in  Natural  Cooling  Methods 
Section  V. 

3.  Forced  Air 


Forced  air  cooling  is  an  excellent  cooling  method,  which  can  be 
used  if  the  pacing  between  parts  within  the  subassembly  is 
adequate  for  air  flow.  Considerable  heat  can  be  removed  by  this 
method.  (See  Fig.  50)  Individual  parts  ..ith  heat  dissipations 
as  great  as  2  watts  per  sq.  in.  can  be  cooled  at  high  Reynolds 
numbers.  However,  the  power  required  to  force  air  over  objects 
and  through  ducts  and  heat  exchangers  may  be  considerable.  Further, 
the  interchangability  of  forced  air  cooled  subassemblies  will  be 
rather  limited  to  a  few  special  equipments  idiich  are  provided  with 
adequate  fans  and  ducting  for  each  subassembly.  Further  details 
are  incorporated  in  Forced  Air  Cooling  Section  VI. 
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U.  Direct  Liquid  Cooling 

This  cooling  means  is  particularly  applicable  to  subassemblies 
having  high  heat  concentrations  or  those  which  must  operate  in 
high  temperature  environments  with  small  temperature  gradients 
between  parts  and  cooled  surfaces.  Unfortunately,  direct  liquid 
cooling  can  be  used  only  in  circuits  which  can  tolerate  the  in¬ 
creased  stray  capacitance  and  electrical  losses  due  to  the  high 
dielectric  constant  and  power  factor  of  liquids. 

New  equipments  can  be  designed  for  several  types  of  liquid  cool¬ 
ing  systems  any  one  of  which  may  have  cooling  capacities  greater 
than  that  of  forced  air  systems.  (See  Fig.  $0)  The  cases  of 
sealed  sub-assemblies  can  be  designed  for  direct  immersion  in  the 
coolant  (indirect  liquid  cooling)  or  the  electronic  sub-assembly 
can  be  filled  with  a  liquid  such  as  a  silicone  fluid  (direct 
liquid  cooling) .  Cooling  of  directly  immersed  equipment  may  be 
increased  by  the  addition  of  forced  circulation  of  the  coolant. 
However,  this  additional  cooling  is  at  the  expense  of  more  power 
to  operate  the  pump  and  the  additional  equipment.  The  wei^t  of 
directly  immersed  equipment  may  be  reduced  somewhat  by  spraying 
the  coolant  over  the  heat  producing  parts  and  collecting  the  heat 
bearing  coolant  in  the  bottom  of  the  container  and  then  pumping 
it  through  a  heat  exchanger  and  back  to  the  spray  nozzles.  Such 
a  cooling  system  represents  a  saving  in  the  amount  of  coolant 
liqtiid  required,  but  requires  a  hi^er  pressure  pun^i  and  con¬ 
sequently  more  power  to  run  the  ptunp  than  in  the  case  of  the 
completely  immersed  equipment. 

Liquid  cooling  is  most  applicable  to  power  supplies,  modulators, 
servo  amplifiers  and  wide  band  low  frequency  amplifiers.  It  can 
also  be  used  with  certain  radio  frequency  circuits,  if  considera¬ 
tion  is  given  to  the  dielectric  constant  and  dissipation  factor 
of  the  fluid.  The  coolant  must  be  chemically  and  electrically 
con^Jatible  with  the  electronic  parts  and  the  case.  If  liquid 
cooling  is  applied  to  equipments  vdiich  operate  over  a  wide  range 
of  environmental  ten?* natures,  care  must  be  exercised  in  making 
sure  that  the  coolant  can  not  freeze  at  the  lower  temperatures. 

Liquid  cooling  frequently  permits  a  greater  degree  of  miniaturi¬ 
zation  because  of  toe  larger  pe mis sable  heat  concentrations. 
Further,  if  a  coolant  with  a  high  dielectric  strength  is  used, 
voltage  ratings  can  be  increased.  On  the  negative  side,  liquid 
cooling  requires  that  the  containers  accomodate  expansion  at 
elevated  temperatures.  Unless  the  coolant  is  chemically  inert, 
it  may  decon^wse  the  electronic  parts.  Also,  maintenance  diffi¬ 
culties  are  increased,  and  a  leak  may  disable  the  unit.  Repairing 
of  direct  liquid  cooled  equipment  is  complicated  by  the  necessity 
for  draining  the  fluid  from  the  unit  before  working  on  it.  Further, 
toe  fluid  may  be  contaminated  when  toe  unit  is  unsealed  vuiless 
extreme  care  is  used. 
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5.  Direct  Vaporization  Gool:i.r4g 


Vaporization  cooling  is  the  nost  effective  heat  removal  method 
known.  It  has  the  advantages  and  disadvantages  of  direct  liquid 
cooling  together  with  greatly  increased  cooling.  (See  Fig. 
Expendable  systems  are  simple,  but  involve  disposal  of  the  vapor 
and  replacement  of  the  coolant.  Non-expendable  or  continuous 
systems  are  complex,  expensive,  and  necessitate  the  use  of  a  heat 
exchanger  to  condense  the  vapor  back  into  a  fluid.  Vaporization 
cooling  systems  are  particularly  suited  to  installations  with 
extremely  high  heat  concenti’ations  and  those  installations  wherein 
no  sink  is  available  or  the  sitik  is  remotely  located.  This  is 
discussed  further  in  Vaporization  Cooling  Section  VIII. 

HEAT  TRANSFER  TO  THE  ULTIMATE  SINK 


1.  General 

The  method  of  transfer  of  heat  from  the  subassembly  or  unit  chassis 
to  the  sink  is  dependent  upon  the  method  of  heat  removal  from  with¬ 
in  the  subassembly  due  to  the  common  connection  between  the  two 
phases  of  heat  rejection.  Further,  the  selection  of  the  optimum 
method  of  heat  transfer  for  use  in  this  phase  is  dependent  upon 
the  type  of  sink  available,  its  location,  and  its  temperature. 

The  sink  temperatures,  both  before  and  after  installation  of  the 
equipment,  must  be  considered,  since  the  temperature  of  local  or 
intermediate  sinks  may  inci-ease  when  the  additional  heat  is  added. 

2.  Natural  Methods 


Natural  heat  transfer  from  miniaturized  subassemblies  to  the  in¬ 
termediate  sink  is  probably  best  accomplished  by  metallic  con¬ 
duction  cooling.  In  general,  the  reasoning  discussed  in  part 
B.2  of  this  section  is  also  applicable.  However,  the  intermediate 
sink  cannot  be  ?.ocated  at  any  significant  distance  from  the  sub- 
assemblies.  Smal.1  temperature  gradients  are  only  obtained  over 
appreciable  distances  with  metallic  conduction  cooling  when  large 
heat  conductors  are  used.  The  cost  and  weight  of  such  conductors 
will  probably  be  excessive.  In  certain  instances  structural  parts 
may  be  used,  i.e..  The  equipment  may  be  thermally  fastened  to  the 
hull  of  a  ship. 

Natural  convection  and  radiauion  nmy  be  used  at  the  sink  if  the 
sink  is  air  of  a  relatively  low  temperature .  The  maximum  heat 
dissipated  by  the  surfaces  should  seldom  exceed  0.25  watts  per  sq. 
in.  and  should  be  limited  to  approximately  0.50  watts  per  sq.  in. 
Even  so,  relatively  high  temperatures  can  easily  be  achieved.  It 
is  therefore  recommended  that  this  mode  of  cooling  be  used  only 
with  equipments  of  low  heat  concent ration,  provided  that  the 
rejected  heat  is  not  introduced  into  other  nearby  equipment. 


3.  forced  Air 

Forced  air  is  more  applicable  to  this  phase  of  cooling  than 
natural  methods,  particularly  if  the  sink  is  nearby  air.  The 
air  should  be  properly  directed  and  distributed  over  the  sub- 
assemblies.  Unit  heat  dissipations  of  the  order  of  2  watts  per 
sq.  in.  can  be  obtained  readily.  Supplemental  data  are  pre¬ 
sented  in  Forced  Air  Section  VI. 

U.  Indirect  Liquid  Cooling 

TNhen  electronic  equipment  is  to  be  operated  in  high  temperature 
environments  at  high  heat  concentrations  or  when  the  sink  is  lo¬ 
cated  at  a  distance  from  the  equipment,  optimum  cooling  can  be 
achieved  by  a  forced  liquid  cooling  system.  Greatly  increased 
cooling  over  that  obtained  by  forced  air  is  possible.  This  cool¬ 
ing  m  ie,  using  fresh  water,  is  especially  recommended  for  ship¬ 
board  usage.  ‘Almost  any  reasonable  degree  of  cooling  can  be  at¬ 
tained  through  the  use  of  cold  plate  or  cold  panel  heat  exchangers. 
See  Sec.  VII  F. 

Indirect  liquid  cooling  systems  utilizing  continuously  circulated 
fresh  water  appear  to  be  especially  applicable  to  shipboard  elec¬ 
tronic  equipment.  The  heat  can  be  removed  from  the  fresh  water 
in  a  fresh  water  to  sea  water  heat  exchanger.  Work  on  such  systems 
is  continuing  at  this  Laboratory. 

5.  Indirect  Vaporization  Cooling 

This  mode  of  heat  transfer  will  provide  the  maximum  obtainable 
cooling .  It  is  recommended  for  use  only  with  devices  having  ex¬ 
tremely  hj gh  heat  concentrations.  Its  general  application  to 
miniaturized  equipment  remains  to  be  determined. 

DSSICM  EXA1IPI£  OF  THE  SELECTION  CF  OPTIMUM  C, POLING  METHODS  -  Example  (8) 

1.  The  Problem; 

Construction  of  a  piece  of  electronic  equipment  which  dissipates 
300  watts  is  contemplated.  It  is  planned  to  package  it  in  a 
cabinet  9.7^  in.  x  15  in.  x  17  in.,  which  is  to  be  located  in  air 
at  a  normal  room  temperature. 

a.  Will  any  special  cooling  considerations  be  required  for  this 
package? 

b.  Can  this  package  be  made  smaller? 


Heat  concentration 


Dissipated  power 
Volume 

300  300 

^.75  X  15"x  1?  “ 

.12  watts/cu.in. 


This  is  a  low  heat  concentration.  No  particular  cooling 
considerations  are  required  provided  that  the  unit  heat 
dissipation  is  adequate.  See  Fig.  SO. 

Unit  heat  dissipation  -  ^isf.4ga.ted  power - 

unib  Iiwn,  Area  o£  cooling  surface 

_ 300 _ 

■  2x9 .75xi7  +2x9  .75x1^4-2x15x7 

-  .26  watts/sq.in. 


300 


Ti3r 


Referring  to  Fig.  50,  note  that  the  ijaximum  unit  .  dissipation 
for  free  air  cooled  surfaces  is  in  the  neighborhood  of  0.25  watts/sq.in. 
Thus^  the  paolage  with  .26  watts/sq.in.  surface  area  will  be  satis- 
factoiy  and  no  special  cooling  means  will  be  required. 

From  Fig.  50  note  that  a  unit  heat  dissipation  of  one  watt/sq.  in. 
of  surface  area  may  be  feasible  if,  for  example,  forced  air 
cooling  is  used  on  the  external  surfaces.  Thus,  with  forced  air 
cooling  it  may  be  possible  to  miniaturise -the  package  from  a  surface 
area  of  1135  aq.  in.  to  a  surface  area  of  300  sq.  in.  or  less, 
d^endent  upon  the  Reynolds  number  and  provided  that  the  heat  con¬ 
centration  is  not  excessive. 

External  dimensions  of  7  in.  x  5  in.  x  10  in.  appear  in  order  for 
the  miniaturised  unit. 


Unit  heat  dissipation 


_ 300 _ 

7x5x2+5x10x2+7x10x2 


300 

315 


approx.  1  watt/sq. in. 


Heat  coixentration 


300  300 

7x5  x“lb  *  355 


.85  watts/cu.in. 


This  is  a  fairly  hi^  heat  concentration.  Metallic  conduction 
cooling  could  be  \ised  within  the  unit  satisfactorily  if  paths  of  low 
thermal  resistance  to  the  external  surfaces  are  incorporated. 

Liquid  potting  oould  be  used  as  an  alternate  technique.  (See  Fig.  50) 


X.  THE  TEMPERATURE  LIMITS  OF  ELECTRONIC  PARTS 


A ■  GENERAL 

One  of  the  primary  problems  facing  the  electronic  designer  in  the 
thermal  design  of  electronic  equipment  is  the  determination  of  the 
maximum  temperatures  which  electronic  parts  can  withstand.  The 
maximum  temperature  is  usually  limited  by  the  thermal  coefficients 
of  the  electrical  characteristics  of  the  part  and  their  effect  on 
electronic  performance,  the  degree  of  reliability  and  life  desired, 
and  the  temperatxxre  which  the  part  can  survive  without  outright 
failure.  The  thermal  effects  on  electronic  performance  are  con¬ 
sidered  to  be  peculiar  to  the  circuits  involved  and  indirectly  re¬ 
lated  to  the  heat  removal  problem.  Therefore,  a  dis (mission  on  the 
thermal  coefficients  of  electrical  parameters  is  not  included  in 
this  manual.  It  is  realized  that  the  degree  of  cooling  can  alter 
the  electronic  performance  by  lowering  the  temperature  spread  and, 
in  some  instances,  special  <x)oling  means  will  be  required  for  this 
purpose.  However,  in  most  electronic  equipment,  the  life,  reli¬ 
ability  and  survival  temperature  are  the  primary  thermal  factors. 

Much  remains  to  be  accomplished  in  the  determination  of  temperature 
vs.  life  or  reliability  for  electronic  parts.  In  general,  such  in¬ 
formation  is  difficult  to  obtain,  a  reasonable  collection  of  material 
on  the  maximum  survival  temperatures  of  parts  is  available.  However, 
most  of  this  data  is  in  terms  of  ambient  temperature  which  is  in¬ 
adequate  in  the  design  of  densely  packaged  electronic  equipment.  It 
is  anticipated  that  the  parts  manufacturers  will  ultimately  rerate 
their  products  and  also  assist  in  determining  their  compatibility 
with  liquid  coolants. 

THE  THERMAL  LIMITATIOWS  OF  VACUUM  TUBES 

1.  General 

Vacuum  tubes  are  considered  by  some  electronic  engineers  to  be  less 
tenperature  sensitive  than  most  electronic  parts.  This  is  par¬ 
tially  correct.  The  electronic  parameters  of  tubes  are  stable 
within  wide  temperature  limits  for  certain  life  periods.  How¬ 
ever,  if  tubes  are  operated  beyond  safe  temperature  limits  their 
life  and  electrical  characteristics  will  be  significantly  cur- 
tailea  in  a  relativeiy  short  period.  F\irther,  the  removal  of 
heat  from  vacuum  tubes  is  extremely  important,  since  they  are 
usually  the  primary  heat  sources  in  equipment.  Overheating  of 
vacuum  tubes  can  lead  to  shozlened  tube  life  through:  the  accel¬ 
erated  formation  of  gas,  resulting  in  positive  shifts  in  bias 
and  progressive  loss  of  emission;  the  thermal  expansion  of  in¬ 
ternal  parts,  causing  shorts  and  changes  in  tube  characteristics; 
the  formation  of  leakage  paths,  especially  heater  to  cathode 
leakage;  changed  contact  potential;  the  formation  of  mechanical 
stresses  in  glass  resulting  in  envelope  failures;  and  the  ac- 


celerated  development  of  cathode  interface  resistance.  It  is 
also  desirable  to  operate  tubes  as  cool  as  possible  to  avoid 
raecbanical  failures  due  to  creep  and  fatigue  of  metals,  parti¬ 
cularly  when  the  tubes  are  subjected  to  impact  and  vibration. 

In  general,  vacuum  tubes  are  properly  rated  in  that  "hot  spot" 
bulb  temperature  ratings  have  been  assigned  by  the  manufacturers. 
Certain  tube  groups  have  similar  temperature  ratings,  for  example, 
the  premium  subminiature  tubes.  Most  of  the  special  tubes, 
ruggedized  tubes  and  JAN  tubes  have  specific  thermal  ratings. 

The  conventional  receiving  type  tubes  do  not  appear  to  be  com¬ 
pletely  provided  with  such  ratings.  In  fact,  some  conventional 
tubes  have  envelope  glass  which  is  different  from  that  of  others 
of  the  same  type.  It  is  recommended  that  the  tube  manufacturers' 
ratings  be  closely  followed.  Most  manufacturers  welcome  re¬ 
quests  for  such  information. 

2.  Heat  Transfer  Within  Vacuum  Tubes 


The  modes  of  heat  removal  within  a  vacuum  tube  are  complex.  A 
high  temperature  emitting  surface  is  necessary  to  maintain  proper 
electronic  emission.  Heater  temperatures  range  from  1000^^  to 
1300°C  and  cathodes  operate  in  the  neighborhood  of  750°C.  Tube 
structures  are  designed  so  that  the  thermal  resistance  from  the 
heater  and  cathode  to  the  envelope  and  leads  is  as  great  as  pos¬ 
sible  in  order  to  reduce  the  heater  power  to  a  minimum.  However, 
for  circuit  purposes,  most  tubes  are  provided  with  low  inductance 
leads  to  their  internal  elements.  These  leads  can  conduct  heat 
from  the  cathode  and  a  oompromise  between  these  two  requirements 
must  be  made  by  vacuum  tube  man’ofacturers. 

Much  of  the  heat  dissipated  in  vacuum  tubes  appears  at  the  plate. 
Almost  all  the  heat  produced  at  the  filament,  cathode,  control 
grid  and  screen  grid  is  transmitted  by  radiation  through  the 
vacuum  into  the  plate.  The  remainder  of  the  heat  produced  by 
tube  elenents,  other  than  the  plate,  is  radiated  to  the  inside 
surface  of  the  tube  envelope  and/or  conducted  into  the  tube  pins 
by  metallic  conduction  along  the  tube  element  leads.  The  plate 
is  heated  not  only  by  the  heat  received  from  the  other  elements 
but  also  by  its  normal  dissipated  energy.  Plate  temperatures 
in  vacuum  tubes,  other  than  transmitting  types,  normally  range 
from  350°  to  U00°C.  Almost  all  the  energy  dissipated  by  the 
plate  is  transmitted  by  radiation  through  the  vacuum  and  is  ab¬ 
sorbed  by  the  glass  envelope.  Due  to  its  transmission  character¬ 
istics,  glass  begins  to  be  a  poor  transmitter  of  infrared  radi¬ 
ation  at  2.5  microns.  Thus,  glass  is  essentially  opaque  to 
radiation  from  sources  near  U00°C,  and  only  6;^  of  the  energy 
radiated  from  the  plate  is  transmitted  directly  through  the  glass 
envelope.  The  remaining  9h%  of  the  heat  radiated  from  the  plate 
is  absorbed  by  the  glass.  The  glass  is  heated  and  reradiates 
part  of  this  energr  at  a  lower  temperature  level  and  convects 
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or  condxxcts  the  remainder  to  the  environment.  Some  heat  from  the 
plate  is  conducted  along  the  plate  lead  through  the  tube  pins. 
When  plates  operate  at  temperatures  of  the  order  of  750  to  850°C 
(cherry  red),  as  in  tantalum  element  transmitting  tubes,  the 
majority  of  radiation  from  the  plate  passes  directly  through  the 
glass. 

These  modes  of  heat  rejection  from  ■within  a  vacuum  tube  result 
in  a  concentration  of  heat  in  the  glass  envelope  adjacent  to  the 
plate  and  to  some  extent  at  the  base  of  the  tube.  If  a  tube  is 
mounted  vertically  and  operated  in  free  air,  a  small  hot  spot, 
due  to  conduction  through  the  leads,  will  appear  at  the  base  and 
the  envelope  will  have  a  definite  hot  spot  at  approximately  two 
thirds  its  height,  opposite  the  plate,  due  to  radiation  through 
the  vacuum  (see  Fig.  5l) .  Glass  is  a  relatively  poor  heat  con¬ 
ductor  and  narked  temperature  gradients  will  appear  in  the  en¬ 
velope  adjacent  to  the  upper  and  lower  edges  of  the  plate  struc¬ 
ture.  It  is  desirable  to  cool  vacuum  tubes  in  a  manner  that  will 
reduce  such  gradients  in  the  envelope.  Large  temperature  dif¬ 
ferences  can  cause  severe  mechanical  strains  which  lead  to  en¬ 
velope  breakage. 

It  can  be  concluded  that  vacuum  tubes  must  be  cooled  primarily 
ty  removing  the  heat  from  the  envelopes.  A  portion  of  the  heat 
can  be  removed  through  the  pins  or  leads  at  the  base.  A  study 
of  the  magnitude  of  heat  removal  -which  can  be  obtained  by  tube 
pin  cooling  is  in  work  at  this  Laboratory. 

3 .  Limiting  Factors 

a.  The  release  of  gas  is  greatly  accelerated  when  the  temper¬ 
atures  of  tube  elements  exceed  certain  limits.  Most  vacuum 
tube  elements  are  degassed  at  temperatures  in  the  neighbor¬ 
hood  of  500°C.  The  envelopes  are  usually  near  300°C  during 
this  process.  If  the  glass  or  element  temperatures  are  per¬ 
mitted  to  exceed  -these  values  after  the  tube  has  been  placed 
in  service,  gas  will  be  rapidly  released,  -the  getter  will  be 
unable  to  absorb  -the  gases,  and  a  gassy  tube  will  result. 

b.  Minute  amounts  of  emitting  material  usually  migrate  from  the 
cathode  to  the  control  grid.  Should  the  grid  temperature 
become  excessive,  grid  emission  from  these  materials  can  oc¬ 
cur. 

c.  The  glass  envelopes  of  most  tubes  should  not  be  permitted  to 
operate  at  temperatures  greater  than  200°C  maximum.  Premium 
tubes  are  usually  provided  with  a  special  ^ass  which  can  be 
operated  at  260°C  maximum.  The  voltages  applied  to  the  tube 
elements  can  produce  electrostatic  stresses  in  the  glass  at 
the  base.  The  leakage  resistance  of  glass  at  high  tanpera- 
tures  is  much  less  than  at  normal  temperature  and  appreci¬ 
able  currait  flow  in  the  glass  is  possible. 
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U.  Vacuum  Tube  Ratings 

In  general,  the  envelope  temperature  of  small  receiving  type  tubes 
should  be  held  belaa  175®C  "hot  spot  temperature"  for  reliable 
service.  A  reduction  of  bulb  temperature  of  from  200°C  to  l60°C 
aill  result  in  a  substantial  increase  of  life  expectancy  of  the 
tubes.  The  cooling  of  the  envelope  is  the  most  important  consider¬ 
ation  when  mounting  the  tube  (see  Section  V) .  The  development  of 
miniature  and  submlnlature  tubes  has  led  to  a  large  reduction  in 
envelope  surface  area  and  a  large  increase  in  the  rated  unit  heat 
dissipation.  This  means  that  the  maximum  envelope  temperatures 
were  increased  greatly  over  those  of  the  conventional  tube  types. 
Table  12  is  representative  for  several  bulb  types: 


table  12 


Unit  Heat  Dissipations  of  Typical  Tube  Types 


Bulb  Type  ** 

Octal 

T-9 

Minia¬ 

ture 

T-5  1/2 

Submini¬ 

ature 

T-3 

Bulb  area,  sq.  in. 

10.5 

U.l 

1.7 

Maxiimm  dissipation  of 

18.7 

16.8 

l.'o 

tube  in  watts 

Unit  heat  dissipation. 

1.78 

h.l 

U.6 

watts/sq.in. 

Unit  heat  dissipation  ratio 
(with  respect  to  T-3) 

.U: 

.85 

1 

Bulb  tenroerature  in  free  air  at 

160°C 

225°C^' 

260°C'"' 

23°C 

Typical  envelope  temperatures  for 

sea  level  and  at  23 

°C  ambient 

temperature  conditions  are  presented  in  Table  13  as  an  indica¬ 
tion  of  the  temperatures  obtained  with  a  single  tube  in  free  air. 


*  Note  -  excessive  -  not  recommended  by  the  author, 
a*  Note  -  these  heat  concentrations  apply  to  all  of  the  tube  sizes 
mentioned. 


TAHLE  13 


Typical  Bulb  Teaperatures 
at  23°C  Ambient 


Tube  Type 

Bulb  Size 

Percent 

Maximum  Plate  Dissipation 

20 

Uo 

60 

80 

100 

12AU7 

T-6  1/2 

770c 

lOOOC 

118  OC 

I33OC 

li*6°c 

6Cli 

T-5  1/2 

61*00 

62OC 

98^0 

II3OC 

1250c 

6ah6 

T-5  1/2 

88  °G 

103  °C 

116°C 

1260c 

132°C 

5UUG 

ST-16 

105°C 

II6OC 

I27OC 

I38OC 

li*9°0 

5687 

T-6  1/2 

I23OC 

UiOOC 

1550c 

155®C 

I83OC 

With  increased  ambient  temperature  the  lollcwing  envelope  hot 
spot  temperatyres  are  reached  for  the  above  envelope  types* 


TAriliS  lU 


(General  values 

i  -  noj;  including 

correction  for  shapes) 

Ambient  Temp. 

Unit  Heat 

Dissipation  in  Watts  per 

sq.  in. 

(Sea  level 

pressure) 

1,0 

2.0 

3.0 

h.o 

5.0 

230c 

100°c 

I70OC 

230°C 

*280°C 

*310Oc 

I6o0c 

220OC 

260OC 

*300Oc 

*3li0OC 

*370OC 

250Oc 

*310Oc 

*3500^; 

*390°C 

*1*200C 

*l*5o°c 

*  Note  -  Excessive  not  recommended  by  author 
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Kig.  52  presents  the  relative  temperatures  of  various  tube 
types.  Fig.  53  shows  the  bulb  temperature  vs.  ambient  temp>era- 
ture  for  types  6AK5  and  5702. 

It  is  apparent  that,  at  maximum  ratings,  excessive  vacuum  tube 
temperatures  can  oe  obtained  even  in  free  air.  When  tubes  are 
used  in  equipment ,  these  free  air  ambient  conditions  seldom  ex¬ 
ist.  It  is  strongly  recommended  that  the  bulb  temperature  of 
each  tube  used  in  an  equipment  under  design  or  developnent  be 
measured  to  make  certain  that  safe  operating  temperatures  are 
achieved.  Cornell  Aeronautical  laboratory  Report  HF-81*5-D-2  - 
“Manual  of  Standard  Temperature  Measuring  Techniques,  Units  and 
Terminology"  presents  methods  for  such  temperature  measurements, 

CAUTIfflJ:  Slxtremely  effective  cooling  can  reduce  the  envelope 
temperature  to  a  level  which  is  far  below  the  maxi¬ 
mum  rated  temperature.  This  is  an  excellent  practice 
but  it  should  no.  be  used  to  increase  the  internal 
element  dissipation  of  tubes  beyond  their  nominal 
rated  values.  Such  a  practice  i  riazardous  and  over- 
cooling  should  not  be  used  in  oixier  to  exceed  the  maxi¬ 
mum  rated  power  level  of  any  tube . 

£.  THE  THERMAL  LIMITATIONS  OF  SjSMICCMIXJCTOR  DEVICES 
1.  GENERAL 

Semiconductor  devices  are  more  temperature  sensitive  than  vacuum 
tubes.  In  a  vacuum  tube,  the  emitter  (cathode  or  filament'  oper¬ 
ates  at  a  relatively  constcint  temperature  which  is  essentially 
independent  of  the  environmental  temperature.  Such  is  not  the 
case  in  a  semiconductor,  since  the  temperatures  of  the  active 
elements  are  directly  related  to  that  of  the  environment .  As  a 
result,  a  change  in  operating  temperature  usually  modifies  the 
electrical  characteristics  of  the  device.  Further,  most  semi¬ 
conductors  malfunction  completely  and  become  conductors  at  ele¬ 
vated  temperatures. 

Certain  circuits  tend  to  stabilize  the  performance  of  transist¬ 
ors,  Such  circuits  are  not  within  the  scope  of  this  report. 

In  general,  it  is  desirable  to  operate  semiconductors  at  the 
lowest  practical  temperatures.  This  will  permit  a  minimum  of 
derating  and  maximum  performance.  Unfortunately,  only  ambie.nt 
temperature  ratings  are  available  for  most  of  the  semiconductor 
devices.  Several  manufacturers  are  in  the  process  of  determin¬ 
ing  surface  and  junction  temperature  ratings  for  transistors. 
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2.  Selenium  Rectifiers 


Selenium  rectifiers  should  be  derated  above  ?0°C  ambient  tempera¬ 
ture  when  more  than  1000  hours  of  life  are  desired.  At  no  time 
should  the  peak  surface  temperature  exceed  135^0.  The  following 
table  dlspl^s  typical  deratings; 


Ambient  Temp. 

Per  Cent  of 

Rated  Voltage 

Per  Cent  of 
Rated  Current 

U5°c 

100 

100 

6o°C 

100 

80 

80 

100 

65°C 

100 

80 

80 

70°C 

100 

50 

80 

65 

75°c 

80 

15 

60 

60 

80°C 

80 

30 

60 

li5 

80°C  max. 

50 

Uo 

Fig.  Sh  also  presents  derating  curves. 


3 .  Oemanium  Diodes  and  Transistors 


In  general,  these  devices  are  extremely  temperature  sensitive. 
Germanium  temperatures  of  from  85  to  100°C  at  the  Junction  or 
point  of  contact  us\ially  result  in  the  loss  of  the  semiconduct¬ 
ing  characteristics.  As  soon  as  the  temperatures  are  reduced, 
the  germanium  can  recover  with  only  minor  ill  effects .  However, 
indium  and  other  low  melting  temperature  materials  are  frequently 
used  in  germanium  devices  and  it  is  possible  to  permanently  damage 
them  by  overheating.  Usually,  it  is  not  recommended  that  ger- 
nanium  devices  be  operated  at  peak  internal  temperatures  exceeding 
75'^C.  Certain  germanium  and  silicon  devices  for  operation  at 
higher  ten^jerature  levels  are  now  under  development.  Manufactur¬ 
ers'  ratings  on  these  devices  must  be  accurately  followed. 
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U>  Magnesium  Copper  Sulphide  Rectifiers 

Hermetically  sealed  rectifier  cells  of  these  materials  can  be  used 
at  temperatures  as  higii  as  200°C  ambient.  Typical  ratings  follow: 
Operating  temperature  range  -  from  70°to  200°C  ambient.  At  anfcient 
temperatures  loYer  than  100°C,  operation  at  full  rating  should  re¬ 
sult  in  a  life  expectancy  of  at  least  1000  hours.  (ITnen  full  life 
(nominally  10 j 000  hours)  is  desired  at  ambient  temperatures  between 
li0°  and  100°C,  the  following  derating  formiila  is  recommended: 

Per  cent  of  li0°C  D.C.  current  rating  =  100  x  ~  max.amb.tempjjj _ C2 

'  90 

5*  Silicon  Diodes 

In  general,  silicon  diodes  can  be  used  at  maximum  temperatures 
ranging  from  100  to  110°C.  Silicon  diodes  and  transistors  for 
operation  at  200®C  are  under  development.  Other  thermal  character¬ 
istics  are  similar  to  germanium  diodes. 

6.  Copper  Oxide  Rectifiers 

In  the  region  of  the  limiting  value,  that  is,  small  current  or 
voltage,  the  dependence  of  such  rectifiers  on  temperature  is  very 
great.  The  internal  resistance  decreases  exponentially  with  in¬ 
creasing  temperature.  If  the  load  resistance  is  significantly 
larger  than  the  internal  resistance,  the  effects  of  temperature 
sensitivity  can  be  made  to  be  negligible.  Copper  oxide  recti¬ 
fiers  are  rated  for  full  load  operation  at  1:0  to  50°C  ambient 
temperature. 

7 .  Dry  Disk  Titanium  Rectifiers 


These  devices  show  promise  for  use  at  12$°C  ambient  temperature. 
THE  THEHMaL  LIMITATICTiS  OF  MAGNETIC  CORE  DEVICES 


1.  General 

Iron  core  reactors  are  considered  to  be  less  temperature  sensi¬ 
tive,  performancewise,  +han  any  other  electronic  part,  with  the 
exception  of  vacuum  tubes,  liVhen  an  inductance  is  used  in  a  fre¬ 
quency  controlling  element,  temperature  sensitivity  is,  of  course, 
present.  Iron  core  reactors  are  third  in  order  of  importance  as 
heat  sources.  Like  vacuum  tubes,  reactors  which  are  operated 
beyond  safe  temperature  limits  will  have  short  life.  Excessive 
temperatures  can  cause  the  failure  of  insulating  materials  and 
conductors  leading  to  high  reactor  mortality.  Insulation  does 
not  fail  by  immediate  breakdown  upon  arrival  at  some  critical 
temperature,  but  by  gradual  mechanical  deterioration  with  time. 
Ultimately,  a  short  circuit  occurs  and  subsequent "cremation"  re¬ 
sults.  With  class  A  insulation,  for  example,  experience  indi- 


indicates  that  the  insulation  life  is  halved  for  each  10  to  12°0 
increase  in  temperature  throughout  the  practical  operating  temp¬ 
erature  range.  With  liquid  cooling  (oil  immersion)  the  life  is 
halved  for  each  7  to  10°C  increase  in  temperature. 

The  heat  generated  in  reactors  is  produced  in  the  magnetic  core 
and  in  the  conductors.  The  primary  mooe  of  heat  transfer  within 
conventional  iron  core  reactors  is  conduction.  Due  to  the  neces¬ 
sity  for  turn  to  turn  and  layer  to  layer  electrical  insulation, 
the  thermal  resistance  between  internal  hot  spots  and  the  surface 
is  large,  and  high  winding  tanperatures  can  be  obtained.  If  sur¬ 
face  temperature  ratings  are  not  available,  the  internal  tempera¬ 
tures  of  reactors  should  be  determined  with  imbedded  thermo¬ 
couples. 

2.  Limiting  Insulation  Temperature 

The  life  at  the  limiting  temperature  for  any  one  class  of  insula¬ 
tion  may  vary  widely  according  to  the  quality  of  the  material 
used,  the  construction  techniques,  the  mechanical  strains  imposec 
on  the  insulation,  and  the  kind  of  service  to  which  it  is  applied, 
from  the  results  of  experience  with  equipment  in  service  and  from 
laboratory  tests  on  various  insulating  materials,  limiting  insula¬ 
tion  temperatures  (called  hottest  spot  temperatures)  have  been  as¬ 
signed  by  the  AIEE.  They  are  of  prinary  importance  and  useful  as 
a  point  of  reference  or  "bench  mark"  in  selecting  the  practical 
values  of  observable  temperature  rise.  "Hottest  spot"  temperature 
values  are  not  directly  applicable  for  use  in  rating  since  the 
"observable"  temperature,  that  is,  the  temperature  which  is  di¬ 
rectly  measurable  in  practical  tests,  is  less  than  these  peak  temp- 
eratirres  by  an  amount  which  may  be  widely  different  for  various 
types  and  sizes  of  reactors.  This  is  due  to  the  inaccessibility 
of  the  hottest  spot,  non-uniformity  of  cooling,  the  thermal  con¬ 
ductivity  and  thickness  of  the  insulation,  the  form  of  winding, 
the  rate  of  heat  flew  and  the  relative  locations  of  the  "hottest 
spot"  and  the  cooled  surfaces.  Therefore,  temperature  difference 
allowances  are  included  in  the  "hottest  spot"  (peak)  ratings. 

3.  Class  0  Reactors 


Class  0  insulation  consists  of  cotton,  silk,  paper  and  similar 
organic  materials  when  neither  impregnated  nor  immersed  in  a  liquic 
dielectric . 

The  naximum  peak  temperature  for  class  0  insulation  is  90°C.  The 
ten^jerature  difference  allowance  between  the  "hottest  spot"  and 
the  temperature  measuring  devices  is  approximately  5°C  and  the 
maximum  indicated  temperature  is  therefore  limited  to  85°C. 
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k.  Class  A  Reactors 

Class  A  insulation,  as  defined  by  A.I.E.E.,  consists  of  (1)  cot¬ 
ton,  silk,  paper  and  similar  organic  materials  when  impregnated 
or  immersed  in  a  liquid  dielectricj  (2)  molded  and  laminated 
materials  with  cellulose  filler,  phenolic  resins  and  similar 
resins j  (3)  films  and  sheets  of  cellulose  acetate  and  other  cel¬ 
lulose  derivatives  of  similar  propertiesj  and  (U)  varnishes 
(enamels)  as  applied  to  conductors. 

The  usual  maximm  peak  temperature  for  class  A  insulation  is 
105°C.  The  temperature  difference  allowance  between  the  "hottest 
spot"  and  the  temperature  sensing  element  is  approximately  5°C 
and  maximum  indicated  temperature  is  therefore  limited  to  100°C. 

Class  B  Reactors 

Class  B  insulation  consists  of  mica,  asbestos.  Mylar,  Fiberglas 
and  similar  inorganic  materials  in  built-up  form  with  organic 
binding  substances.  Composite  magnet  wire  insulation  consisting 
of  Fiber^s  layers  covering  polyvinyl  acetal  or  polyamide  films 
are  included  in  this  class. 

The  maximum  peak  temperature  for  Class  B  insulation  is  130°C. 

The  temperature  difference  allowance  between  the  "hottest  spot" 
and  the  temperature  sensing  element  is  approximately  10°C  and 
the  maximum  indicated  temperature  is  therefore  limited  to  120°C. 

6.  Class  H  Reactors 

Class  H  insulation  consists  oi  (1)  mica,  asbestos,  Fiberglas  and 
similar  inorganic  materials  in  built-up  form  with  binding  sub¬ 
stances  composed  of  si  licone  compounds  materials  with  equiva¬ 
lent  propertiesj  (2)  Teflon,  silicone  unds  or  materials 

with  similar  properties. 

The  usual  maximum  peak  temperature  for  class  H  insulation  is 
250  to  275°C.  The  temperature  difference  allowance  between  the 
"hottest  spot"  and  the  temperature  sensing  element  is  of  the 
order  of  20°C  and  the  maximum  indicated  temperature  is  therefore 
limited  to  approximately  230°C.  For  long  life  it  is  recommended 
that  the  maximum  indicated  temperature  be  reduced  to  200°C. 

7.  Class  C  fieactors 


Class  C  insulation  consists  entirely  of  mica,  porcelain,  glass, 
quartz  and  similar  inorganic  compounds.  No  upper  temperature 
limits  have  been  selected  for  this  class  of  insulation.’  It  is 
anticipated  that  the  limit  will  be  in  the  neighborhood  of  260°C 
because  of  the  electrolysis  which  can  occur  in  glasslike  materials 
at  temperatures  exceeding  this  level. 
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B.  THE  THEaMA.L  LIMITATKaB  Cf  fiSSISTORS 

1.  General 

Resistors  rank  second  to  vacuum  tubes  in  the  order  of  magnitude 
as  heat  sources.  Almost  all  resistors  have  been  designed  for 
cooling  by  natural  means.  Information  related  to  their  ratings 
when  liquid  cooled  Is  practically  non-existent.  In  general, 
resistors  are  provided  with  lugs  or  leads  for  free  space  mounting 
and  are  thus  cooled  by  conduction  through  the  mountings,  to¬ 
gether  with  liiatever  radiation  and  convection  is  present.  The 
lead  length  and  tenperature  of  the  points  of  attachment  there¬ 
fore  can  greatly  influence  the  operating  temperature  of  a  resis¬ 
tor  in  a  given  location.  Che  of  the  factors  vdiich  limit  the 
maximum  temperature  of  many  types  of  resistors  is  oxidation. 

If  the  protective  surface  jnaterial,  which  is  usually  an  enamel 
or  varnish,  is  danaged  and  exposed  to  the  atmosphere,  oxidation 
of  the  resistance  material  occurs  rapidly  and  the  resistor  is 
destroyed.  Hermetic  sealing  and  inerting  will  tend  to  overcome 
this  difficulty.  The  ratings  in  the  following  sections  are  based 
primarily  on  ambient  rating  in  free  air.  Since  the  military  re¬ 
quirements  Dsy  be  more  stringent  than  the  commercial  ratings, 
where  different  ratings  occur,  the  Bureau  of  Ships '  ratings  are 
included  in  parenthesis. 

2.  Fixed  Resistors 

a.  Carbon  film  resistors 

Pyrolytic  carbon,  borocarbon,  cracked  carbon  and  other  similar 
resistors  have  essentially  identical  ratings  for  a  given  size. 
They  are  rated  for  full  wattage  dissipation  at  ljO°C  ambient 
end  linearily  derated  to  zero  wattage  at  l^O^C  (120°C)  ambient. 
The  maximum  "hot  spot"  surface  temperature  for  reliable  ser¬ 
vice  is  120°C  to  150®C,  dependent  upon  the  allowable  change 
in  value. 


Composition  carbon  resistors 


These  resistors  are  rated  for  full  wattage  dissipation  at 
l40°C  ambient  and  linearily  derated  to  zero  wattage  at  100°C 
(70°C)  ambient.  The  maximum  "hot  spot"  surface  temperatures 
range  from  110  to  130°C. 


c.  Printed  resistors 


The  ratings  of  printed  resistors  vary  widely,  being  dependent 
upon  the  formulations  utilized  and  the  materials  upon  which 
they  are  printed.  In  general,  printed  resistors  are  rated  for 
full  wattage  dissipation  at  U0°C  ambient,  and  linearily  derated 
to  zero  dissipation  at  75°C  ambient.  The  maximum  "hot  spo*’ 
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surface  temperature  is  usually  05°C. 

d.  Palladium  film  resistors 

These  metallized  film  resistors  are  rated  for  full  wattage  dis¬ 
sipation  at  ICXD^G  ambient  and  linearily  derated  to  zero  wattage 
at  150°C  ambient.  The  maxiinum  "hot  spot"  surface  temperature 
for  long  life  is  200°C.  Under  short  life  conditions  "hot  spot" 
surface  temperatures  as  high  as  -JO^C  can  be  tolerated. 

e .  Glass  resistors 

Resistors  consisting  of  a  conducting  metallic  oxide  film  on 
glass  are  rated  for  full  wattage  dissipation  at  ijO^C  ambient 
and  linearily  derated  to  zero  wattage  at  200°C  a.ibient.  The 
maximum  "hot  spot"  surface  temperature  for  reliable  service 
is  225°C. 

f .  Molded  wire  wound  resistors 

rfire  wound  resistors  which  are  molded  in  phenolic  materials 
are  rated  for  full  wattage  dissipation  at  70°C  ambient  and 
linearily  derated  to  zero  wattage  at  150°C  ambient.  Maximum 
surface  temperatures  should  not  exceed  150°C. 

g.  Wire  wound  vitreous  enamel  resistors 

The  average  wire  wound  resistor  of  this  class  is  rated  for 
full  wattage  dissipation  at  UO°G  (25°C)  ambient  and  derated 
almost  linearly  to  zero  wattage  at  225°C  (160°C)  ambient,  de¬ 
pendent  upon  the  type.  'Tie  maximum  surface  temperature  is 
usually  approximately  250°C  (275®),  Embedded  and  similar 
hi^  temperature  wire  wound  vitreous  resistors  are  rated  for 
full  dissipation  at  [tO°C  ambient  and  are  essentially  derated 
linearly  to  zero  wattage  at  UOO®C.  Their  maximum  surface 
temperature  is  lil5°G.  Several  miniature  vitreous  wire  wound 
resistors  produced  in  England  have  the  same  ratings  as  the 
embedded  lypes.  Liquid  cooled  ratings  are  available  from 
only  a  few  manufacturers. 

3.  Variable  Resistors 


a.  Wire  wound  variable  resistors 


Conventional  low  power,  low  operating  temperature,  wire  wound 
potentiometers  with  a  linear  taper  are  rated  from  two  to  four 
watts  maximum  dissipation,  dependent  upon  their  size,  at  UO®C 
ambient  and  are  linearly  derated  to  zero  wattage  at  105°C 
(100°C)  ambient.  Non-linear  tapered  controls  are  rated  for 
.01  watt  dissipation  per  degree  of  rotation  at  liO°C.  The 
ratings  of  power  rtieostats  vary,  dependent  upon  their  con- 
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stituent  materials. 


b.  Composition  carbon  variable  resistors 

Ordinary  variable  carbon  resistors  are  rated  for  one  half  watt 
maximum  dissipation  at  hO°C,  linearly  derated  to  zero  at  75°C 
(85°C).  Special  Jiigh  temperature  units  are  rated  from  two  to 
one  half  watt  maximum  dissipation,  dependent  upon  their  size, 
at  70°C,  and  are  linearly  derated  to  zero  at  150°C  (120°C) . 

THE  THERMAL  LIMITATICNS  OF  CAPACITORS 


1 .  General 


Capacitors  are  not  nonnally  considered  to  be  heat  sources,  with 
the  exception  of  electrolytic  capacitors  having  high  leakage  cur¬ 
rents  and  capacitors  with  relatively  high  loss  factors  in  radio 
frequency  circuits  in  transmitters.  The  surface  temperatures  of 
capacitors  are  usually  those  of  the  thermal  environment.  In 
general,  the  leakage  resistance  of  capacitors  decreases  with  tem¬ 
perature,  so  that  their  usable  maximum  tenperature  is  detemined 
by  the  permissible  circuit  losses  and  their  survival  temperatures. 

2.  Fixed  Capacitors 

a.  Paper  dielectric  capacitors 

Most  paper  capacitors  have' an  upper  temperature  limit  of  75 
to  85°C.  High  temperature  paper  capacitors  have  an  upper  tem¬ 
perature  limit  of  125°C. 

b.  Synthetic  film  dielectric  capacitors 

Capacitors  using  "Teflon”,  "Ifylar”,  "Thermofilm"  and  similar 
plastic  dielectrics  show  promise  as  substitutes  for  paper 
dielectric  capacitors  at  temperatures  i^ging  from  130  to  200  C 
ambient.  Such  capacitors  are  still  under  development  and  until 
more  definite  information  relative  to  the  life  and  thermal 
capabilities  of  these  capacitors  are  known,  it  is  suggested 
that  the  application  recommendations  of  each  manufacturer  be 
closely  followed. 

c .  Glass  dielectric  capacitors 

Glass  capacitors  are  rated  for  service  at  200°C  naximum. 

d.  Mica  aielectric  capacitors 

Mica  dielectric  capacitors  are  limited  to  peak  temperatures  of 
the  order  of  120°C  irtien  they  have  plastic  cases.  Mica  is  an 
excellent  high  temperature  dielectric.  Mica  capacitors  with  metal 
cases,  or  without  cases,  can  be  used  at  elevated  temperatures. 
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e.  Vitreous  enamel  capacitors 

These  capacitors  are  rated  for  200°C  service. 

f .  Barium  titauate  dielectric  capacitors 

Capacitors  with  hi^  K  ceramic  dielectrics  have  upper  tempera¬ 
ture  limits  of  the  order  of  85®C. 

g.  Electrolytic  capacitors 

High  quality  conventional  electrolytic  capacitors  are  rated 
to  65*^0  maximum  ambient  temperature.  Tantalum  electrolytic 
capacitors,  dependent  upon  the  type,  are  rated  at  125,  150, 

175  and  200°C  maximum  ambient  temperatures,  respectively. 

3.  Variable  Capacitors 

Almost  all  variable  capacitors,  with  the  exception  of  the  barium 
titanate  dielectric  type,  use  dielectric  materials  capable  of 
service  at  200°C. 
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XI .  liECOlfflEKDiiTiaJS  FOR  DETERMINING  «.ND  IMPROVING  THE  THERIkL  PERFORMiiNCE 
OF  ELECTRONIC  EQUIPtlEIiT 


A.  THE  THERMAL  ANALYSIS  OF  ELECTRObjIC  EQUIPMENT 

The  adequacy  of  a  given  thermal  design  can  be  determined  by  test 
under  either  actual  or  simulated  conditions  and  environments.  Such 
a  test  may  involve  many  considerations,  measurements,  and  evaluation 
procedures .  Such  items  as  temperature,  pressure,  and  air  flow 
measurements,  proper  simulation  of  the  design  environment,  blower 
power  measurements  and  electronic  performance  are  involved.  Caution 
should  be  exercised  in  avoiding  radiation  and  convection  effects 
associated  with  nearby  v/alls.  jilso,  stray  air  currents  should  be 
eliminated. 

Coverage  of  all  these  items  is  beyond  the  scope  :f  this  manual. 

However,  excellent  treatment  of  air-cooled  equipment  is  contained 
in  aF  Technical  Report  No.  0579  (see  Ref.  6).  This  report  is  a  com¬ 
prehensive  mnual  on  the  testing  and  thermal  evaluation  cf  air-cooled 
electronic  equipment.  The  factors  outlined  in  Section  III  pertaining 
to  environmental  ratings  should  be  considered.  In  general,  the  tem¬ 
perature  rise  within  an  equipment  will  be  relatively  constant  over  a 
fair  portion  of  the  operating  temperature  range,  all  other  factors 
being  unchanged.  If  modifications  to  the  cooling  system  are  necessary, 
all  thermal  tests  should  be  repeated  after  modification. 

B.  IMPROVING  THE  THERMaL  FERFOiiMn.NCE  OF  EXISTING  ELECTRONIC  EgUIPSENI 

Within  certain  limits  the  thermal  performance  of  existing  equipment 
can  be  improved  by  modification.  Improved  natural  cooling  methods 
and  other  similar  simple  techniques  can  be  incorporated  into  much  of 
the  current  equipment. 

The  variety  of  cooling  methods  for  existing  electronic  equipment  which 
is  either  malfunctioning  due  to  heat  or  which  must  be  operated  in 
thermal  environments  more  severe  than  originally  specified  is  limited. 
An  optimum  cooling  method  for  such  equipment  would  probably  depend  on 
the  complexity  of  the  installation,  space,  power,  location,  cooling 
media  available,  cost,  and  other  such  considerations. 

In  general,  the  addition  of  forced  convection  may  be  the  most  practical 
method.  Another  possible  method  is  to  cool  the  equipment  cabinet  with 
a  water  cooled  heat  exchanger  in  intimate  contact  with  the  surface  of 
the  case.  Shipboard  electronic  equipment  that  has  been  designed  for 
cooling  by  forced  air  and  is  mounted  in  relay  rucks  and  cabinets  can 
be  modified  by  installing  water  cooled  heat  exchangers  (cold  panels) 
on  the  inside  surface  of  the  cabinet.  The  air  ii.side  tne  cabinet 
should  be  recirculated  through  the  equipment  and  across  the  cold 
panels . 
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Consider  an  electronic  equipment  vririich  operates  satisfactorily  in 
a  specified  thermal  environment  but  must  now  function  in  a  compart¬ 
ment  with  a  higher  temperature  environment.  Ualfunction  will 
probably  result  if  supplemental  cooling  means  are  not  provided. 
Several  pertinent  considerations  follow: 

1.  Can  the  equipment  operate  satisfactorily  using  compartment  air 
in  forced  circulation  -..ithin  or  around  the  equipment'/  If  it 
appears  that  compartment  air  can  be  used,  other  factors,  includ¬ 
ing  con^rtment  air  inlet  and  outlet  facilities,  air  ducting  re¬ 
quirements  and  fan  power  requirements,  should  be  considered. 

It  must  be  remembered  that  the  rejected  heat  in  the  fonn  of  hot 
air  cannot,  in  general,  be  dissipated  into  a  compartment  without 
increasing  the  temperature  within  the  compartment. 

Existing  ventilation  ar.d  air  conditioning  systems  cannot  always 
be  utilized  for  equipment  cooling.  The  system  may  be  overloaded 
by  the  added  heat  load,  rendering  the  space  uninhabitable  for 
personnel . 

Hot  spots  within  the  equipment  can  be  a  source  of  trouble.  Air 
may  be  forced  through  ducts  and  directed  upon  such  hot  spots. 

This  is  one  of  the  most  simple  and  effective  means  of  hot  spot 
cooling  of  existing  equipment.  Care  must  be  exercised  to  prevent 
the  resulting  hot  air  from  overheating  other  electronic  parts 
which  may  already  be  operating  at  or  near  their  maximum  tempera¬ 
tures.  Thus,  it  is  important  to  consider  not  only  inlet  air 
ducting,  but  the  collection  and  removal  of  the  hot  air  as  well. 

If  forced  air  cooling  exists  in  the  equipment,  improved  air  flow 
distribution  within  the  equipment  may  be  obtained  by  judicious 
placement  of  ducts  and  bat  lies.  In  some  instances  blowers  are 
located  haphazardly.  The  air  should  be  directed  to  the  tempera¬ 
ture  limited  parts  and  hot  spots.  Temperature  indicating  paints 
can  be  applied  to  locate  critical  items.  Fins  may  be  added  where 
necessary  to  provide  larger  cooling  surfaces.  iVhere  required, 
critical  parts  may  be  relocated  in  the  most  advantageous  position 
T/ith  respect  to  the  cooling,  air.  Metallic  conduction  cooling  of 
temperature  limited  parts  can  be  improved  by  better  mounting 
methods,  bee  Section  V. 

2.  Will  the  electronic  equipment  be  placed  near  other  heat  sources 
such  as  a  hot  pipe  or  other  equipment?  There  may  be  alternative 
locations  available.  «.lso,  perhaps  radiation  shields  might  be 
used  to  minimize  heat  transfer  from  other  heat  sources  to  the 
electronic  equipment  in  question. 

3.  Is  water  available  in  the  coi.ipartment  for  water  cooling  of  the 
electronic  equipment?  For  example,  water  cooled  tubing  might  be 
soldered  to  the  cabinet.  U:is  instance,  make  sure  that  the 
surfaces  involved  have  sufficient  area  to  remove  the  heat  from 


the  cabinet.  Another  possibility  is  to  force  the  internal  air  over 
water  cooled  extended  surface  coils.  See  Section  VII.  The  air 
could  be  recirculated  in  a  closed  duct  system.  Alternately,  the 
assemblies  and  subassemblies  can  be  made  into  more  effective  heat 
exchangers.  The  electronic  equipment  may  be  packaged  in  an  elec¬ 
tronic  equipment  console  constructed  so  as  to  contain  trays  with 
liquid  or  air  to  cariy  the  heat  away,  as  previously  mentioned,  a 
liquid  would  be  preferable. 

U*  If  sufficient  air  or  water  is  unavailable  for  cooling  purposes, 
other  means  must  be  considered.  One  possibility  is  to  force  air 
over  co  /'ing  coils,  the  air  being  recirculated  in  a  closed  system. 
The  cooling  oculc  be  accomplished  by  a  vapor-compression  system 
using  a  refrigerant  such  as  one  of  the  Freons .  The  refrigerant 
condenser  can  be  located  remotely  for  air  or  sea  v.ater  cooling. 

It  should  be  noted  however,  that  considerable  equipment  is  required, 

including  piping,  a  compressor,  a  drive  motor,  a  condenser,  and  tne 

various  controls.  Further,  the  work,  of  compression  together  with 
the  heat  removed  from  the  electronic  equipment,  must  be  removed  in 
the  refrigerant  condenser.  Expendable  evaporative  cooling  could 
also  be  used  when  cooling  air  or  water  are  not  avail  iulc . 

While  the  above  generally  recommends  ducting  air  directly  to  the  inside 
of  equipment,  it  should  be  pointed  out  that  great  care  must  be  taken 

in  the  design  of  the  cooling  air  attachment  fittings  so  that  a  minimum 

of  space,  weight  and  maintenance  time  is  expended  through  their  usage. 
The  equipment  should  be  easily  connected  to  the  duct  when  the  equipment 
is  slid  into  place  on  its  rack.  For  simplicity,  it  is  desirable  that 
only  air  inlet  ducting  be  provided. 

The  current  practice  of  circulating  cooling  air  at  random  through  a 
cabinet  containing  several  items  of  equipment  can  be  very  inefficient. 
With  this  arrangement,  some  pieces  of  equipment  may  be  over  cooled 
while  other  items  may  be  inadequately  cooled.  A  more  efficient  cooling 
system  is  possible  if  the  cooling  air  is  ducted  directly  to  each  equip¬ 
ment  item  in  the  quantity  required. 

THE  DESIGN  OF  EFFICIENT  SLECTflONIC  CIRCUITS 


It  is  well  known  that  the  electrical  efficiency  of  most  electronic 
circuits  is  very  low,  ranging  from  almost  zero  to  a  few  percent.  Care¬ 
ful  design  will,  in  certain  instances,  increase  the  efficiency  and  help 
to  alleviate  the  heat  removal  problem  by  reducing  the  dissipated  power. 

It  is  recommended  that  each  circuit  be  reanalyzed  during  its  development 
and  if  necessary,  be  redesigned  to  obtain  the  highest  practical  efficiency 
prior  to  initiating  the  heat  removal  design. 

To  design  efficient  electronic  circuitry  it  is  necessary  uo  examine  each 
electronic  stage  individually  for  useless  power  being  dissipated  as  heat 
during  stand-by  and  full-output  conditions.  Secondly,  an  anal^^sis  of 
the  normal  operational  duty -cycle  should  be  made.  This  will  provide  an 
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indication  of  'where  the  greatest  q-aantity  of  power  is  being  wasted 
and  which  of  the  efficiency  measures  described  in  this  section 
should  be  utilized.  Fig.  55  presents  relative  circuit  powers. 

1.  Reduction  of  Operating  Voltages 

In  most  circuits,  excepting  those  wherein  large  output  signals 
are  r:?quired,  vacuum  tubes  will  function  satisfactorily  with 
adequate  gain  at  plate  supply  voltages  ranging  from  80  to  125 
volts.  It  is  s'cggested  that  plate  voltages  of  this  order  be 
applied  to  reduce  the  plate  dissipation,  instead  of  the  usual 
200  to  300  volts .  In  general,  the  gain  will  not  be  significantly 
reduced  and  the  life  vail  be  increased.  Further,  lower  voltage 
parts  which  are  smaller,  lifter,-  and  more  economical,  can  be 
used. 

2 .  Reduction  of  Power  Dissipated  During  Stand-i^"  Conditions 

iVith  equipments  that  have  long  stand-ly  peiaods,  as  compared  to 
their  operational  periods  in  a  normal  duty-cycle,  it  is  often 
possible  to  redesign  the  equipment  to  make  use  of  plate  circuit 
switching  so  that  the  plate  supply  will  be  de-energized  during 
the  standby  period.  Further,  it  is  possible  to  reduce  the  filament 
voltage  of  vacuum  tubes  from,  for  exarcple,  6.5  volts  to  6.0  or  even 
5.9  volts  during  stand-by  without  serious  effect  on  the  operation 
of  the  circuit  or  the  life  of  the  tube. 

3 .  Use  of  Semiconductor  Devices 

6emiconaucto;'  cevices  are  more  efficient  electrically  than  vacuum 
tu'oes.  There  are  instances  wherein  tne  application  of  such  a 
device  will  ser\'e  to  increase  the  overall  efficiency  of  the  system. 
These  devices  are  extremely  temperature  sensitive  and  must  be 
treated  accordi.nglj' .  However,  with  proper  care  and  stable  circuit 
design  it  is  possible  to  obtain  satisfactoiy  performance,  especially 
in  relatively  low  temperature  en.'ironments. 

w .  Use  of  ihgnetic  Amplifiers 

Electronic  engineers  are,  to  some  extent,  prone  to  overlook  the 
advantages  of  magnetic  amplifiers.  In  certain  low  frequency  circuits, 
saturable  reactors  have  outstanding  advantages.  The  inherent 
efficiency  of  a  magnetic  amplifier  is  high.  Vacuum  tubes  are 
essentially  variable  resistors,  dissipating  much  of  their  power 
input.  Magnetic  amplifiers  are  variable  reactors  exhibiting  an 
impedance  rather  than  a  resistance.  The  power  loss  is  correspond¬ 
ing:!:.'  low. 

5 .  Use  of  Special  Circuits 

An  examination  of  most  equipments  will  reveal  that  only  the  povfer 
outp'ut  stages  require  lar^^e  input  power.  Often  the  preceeding 
stages  are  operated  at  excessive  power  levels  with  respect  to 
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their  function.  More  efficient  designs  will  decrease  the  power 
dissipation  and  perhaps  eliminate  some  of  the  intermediate  stages . 

As  an  exan^Jle,  a  radio  receiver  could  operate  with  the  flF  and  IF 
aii53lifiers  at  low  voltages.  Only  the  audio  output  stage  would 
have  high  voltage  and  it  could  operate  in  class  B.  Power  output 
stages  should  be  built  to  a  design  limit  instead  of  using,  for 
exaii?5le,  a  ten  watt  stage  where  only  a  five  watt  stage  is  required. 
In  certain  applications  semiconductor  rectifiers  can  be  used  in 
voltage  multiplying  circuits  for  high  voltage  power  supplies,  thus 
eliminating  a  vacuum  tube  and  power  transformer. 

In  sonB  amplifier  applications  it  is  possible  to  use  a  pentode  tube 
in  a  "starved  circuit"  and  achieve  an  increase  in  over-all  gain 
together  with  a  reduction  in  dissipated  power.  The  additional  gain 
may  be  utilized  to  eliminate  a  stage  of  amplification  or  be  applied 
as  increased  feedback  to  stabilize  the  system. 

In  operating  a  direct-coupled  pentode  amplifier  in  a  "starved 
circuit",  it  is  necessary  to  operate  the  pentode  with  a  screen 
voltage  below  10  per  cent  of  its  plate  supply  voltage  and  to  in¬ 
crease  the  plate  load  resistor  to  ten  or  more  times  its  normal 
value.  The  starved  condition  decreases  the  trans conductance  and 
increases  the  plate  resistance.  This  results  in  an  overall  increase 
of  the  anplif ication  factor.  Additional  advantages  are  that  it 
requires  few  parts  and  has  a  gain  of  1000  compared  to  a  gain  of  350 
in  the  conventional  R-C-coupled  circuit.  On  the  negative  side,  it 
is  limited  in  high  frequency  response  by  the  large  load  resistance 
in  the  plate  circuit.  This  deficiency  may  be  overcome  to  a  small 
degree  by  the  addition  of  negative  feedback  in  the  circuit. 
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APPENDIX  A 


Symbols  and  Nomenclature 


Symbol  Quantity 

A  Area,  surface  or  cross-sectional 

AHP  Air  horse  power 

a  Connection  modulus  equal  to  ,s6p_c 

/Jk 

b  Constant  in  convection  equations 

C  Constant  in  convection  equations 

c  Specific  heat 

CFM  Flow  rate  by  volume 


Units 

Engineering 

System 

sq.  ft. 

h.p. 

— i— 

(ft.)^(°F) 


_ Btu 

(ft.)(0F) 

cu.ft. 

min. 


D 

dt 

dL 

E 

F 

'a 

F 

e 

FHP 

G 

g 

Gr 


Diameter,  Dg  equivalent  diameter 

Rate  of  change  of  temperature  with 
respect  to  distance 

Electromotive  force 

Configuration  factor  in  radiation 
equation 

Emissivity  factor  in  radiation  equation 
Fan  horse  power 
Mass  velocity 

Acceleration  due  to  gravity 
Grashof  number  equal  to  g 


ft. 


op 

ftT 


h.p. 

lbs . 

(sq.ft. )(hr. 
ft./hr.^ 


Units 
Commonly 
Used  in 
Electronics 

sq.  in. 


in. 

°C 

in. 

volts 
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APPEMDH  A  (Contd.) 
Symbols  and  Nomenclatiire 


Symbol  C^ntl  ty 

h  Coefficient  of  heat  transfer 

hp  Convection  coefficient 
hj,  iiadiation  coefficient 
^^contact  Contact  coefficient 
I  Current 

k  Thermal  conductivity 

L  Length,  characteristic  length  in 

convection  equations 

.7.  Exponent  in  convection  equation 

K  Number  of  rws  deep  in  tube  banks 

n  Exponent  in  convection  equation 

N,  Nusselt  number  equal  to 
“  k 

P  Absolute  pressure 
Pr  Prandtl  number  equal  to 

k 

q  itate  of  heat  transfer 
q^  ay  convection 

q>.  By  radiation 

qx  Total 


Units 

Engineering 

System 

htu 

(hr.)  (sq.ft.  ;rF} 


(Btu)(ft.) 

(hr.)(sq.ft.)(°F) 


ft. 


lbs. 

sq.in. 


Btu 


Units 
CoiTunonly 
Used  in 
Electronics 

watts 

(sq.in.)(°C) 


amperes 

(watts) (in, ) 
(sq.in. )(°C) 

in. 


watts 


170 


APPENPg  A  (Contd.) 
Symbols  and  Nomenclatiire 


Symbol 

R  Resistance 


Quantity 


Engineering 

System 


Units 
Commonly 
Used  in 
Electronics 


ohms 

(sq.ft.X°C) 

iratt 

in. 


OK 

°C 


V  Velocity 

UJ  Flow  rate  by  mass 

0  Coefficient  of  thermal  expansion 
(for  gases  numerically  equal  to 
reciprocal  of  absolute  temperature) 

^  Difference 

£  Emissivity 

//  Viscosity 

(p  Density 
S.  Sum  of 


ft.  ,  ft_^ 
hr.  min. 

lbs. 

hr. 


cu.ft. 

(cu.ft.)('^F) 


lbs . 

(ft.)(hr.) 

lbs. 

cu.ft. 


Electrical  resistance 
Thermal  resistance 

r  Radius 

Re  Reynolds'  number  equal  to 
S^  Longitudinal  pitch  of  tube  banks 
S,j  Transverse  pitch  of  tube  banks 
T  Absolute  tanperature 


Teii5Jerature,  A  temperature  dif¬ 
ference,  tpj  mean  temperatxu'e  dif¬ 
ference 


(hr.)(sq.ft.)(°F) 

Btu 

ft. 


ft. 

ft. 

°R 

°F 


Stephan  -  Boltzmann  constant 


Btu _ 

(hr.)(sq.ft.)(^R)^ 


watts 

(sq.in.)(OK)^ 
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APPENDIX  B 


List  of  Associated  Cornell  Aeronautical  Laboratory  iteports 


Description 

Report 

Number 

Date 

of 

Issue 

Classification 

Bu  Ships 
Contract 
No . 

Survey  Report  of  the  State  of  the  Art 
of  Heat  .ransfer  in  Miniaturized 
Electronic  Equipment 

HF-710- 

D-10 

3  Mar. 

1952 

Unclassified 

NObsr-L9228 

Supplemental  Bibliography  to  Survey 
Report  of  the  State  of  the  Art  of 

Heat  Transfer  in  Miniaturized 
Electronic  Equipment 

HF-710- 

D-1Qa 

3  Mar. 
1952 

Confidential 

NObsr-li9228 

Manual  of  Standard  Temperature 
Measuring  Techniques,  Units,  and 
Terminology  for  Miniaturized 

Electronic  Equipment 

H7-8U5- 

D-2 

1  June 
1953 

Unclassified 

N0bsr-630li3 

Final  Development  Report  on  Standard 
Packaged  Electronic  Video  Amplifier 
and  Hydrophone  Audio  Frequency 
amplifier  Subassemblies 

UM-6H7- 

D-22 

1  Sept. 

1953 

Unclassified 

NObsr-L3H31 

Design  Manual  of  Natural  Methods 
of  Cooling  Electronic  Equipment 

HF-8H5- 

D-8 

Scheduled 
for  Sept. 
19  5h 

Unclassified 

NObsr-63013 

Design  Manual  of  Methods  of  Liquid 
Cooling  Electronic  Equipment 

HF-81i5- 

D-9 

Scheduled 
for  Mar. 

Unclassified 

N0bsr-630H3 

1955 
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aFPENUZJC  C  ThBUBS  and  charts 


T^BLE  15 

Heat  Conduction  Data  for  Various  Materials  at  Approxliaately  6p^G 


Density  Heat  Con-  3TU/(hr.)  Comparison 
Ib/cu.in.  ductivity  -  k  (sq.ft.)°F/i’t  v<'ith  yellow 
watts/(sq.in.)  brass  on 

(°C)/in.  ’wt.  basis* 


Silver 

0.380 

10.6 

211 

J  mC 

Copper 

0.322 

9.7 

220 

J.9 

Cold 

0.696 

7.5 

171 

1  .If 

Aluminum,  pure 

0.098 

5.5 

125 

;  •  1 

Aluminum,  633 

0.100 

5.1 

llo 

f.  ,  C' 

Magnesium 

0.063 

li.O 

91 

.  6- 

H igh-be  ryllia  0 . 109 

cerasnics 

to  0.136 

1.7  to  3.9 

38.7  to  83.7 

l.c5  to  5 

Red  brass 

0,316 

2.0 

63.7 

1.15 

Yellow  brass 

0,310 

2.1* 

52*. 6 

1.0 

Berqrllium  copper 

0.297 

2.1 

U7.e. 

0.9 

Pure  iron 

0.28U 

1.9 

1.3.2 

0.^'- 

Phosphor  bronze 

0.318 

1.3 

29.6 

0.53 

Soft  steel 

0.26L 

1.18 

26.8 

0.52* 

Monel 

0.318 

0.9 

20.5 

0.36 

Lead 

0.U09 

0.83 

16.9 

U  • 

Hard  steel 

0.28L 

0.65 

12*. 3 

0.30 

Steatite 

C.09U 

0.06 

13.6 

0.08 

Pyrex 

0.09ii 

0.032 

0.726 

O.Oi.i* 

Grade  a  Lava 

0,085 

0.03 

C.d63 

O' .  Ow  5 

Soft  glass 

0.09L 

0.025 

O.5o9 

0.032* 

./ater 

0.0361 

0.0167 

0.360 

0 . 7 

Mica 

0.101 

0.015 

0.32*1 

0.0i;> 

Paper-base  phenolic 

O.Oa97 

0.007 

0.159 

0.013 

Plexiglas 

0.0L3 

0.002*7 

0.107 

0.016 

P-L3  castir  resin 

O.Oi.5 

0.002*6 

0.105 

0 . 103 

Maple 

0.025 

0.002*2 

G.C9t> 

0.022 

Pine 

0,018 

0.003 

0 .  C6  7 

0.021 

Polystyrene 

0.033 

">.0027 

0 .  Ool 

:.009 

Glass  wool 

O.OCl 

".001 

0.023 

0 . 1  j 

Air 

0,00001*3 

0.0C07 

O.Clo 

C.21 

*Coracntea  as  follows: 

heat  conauctivity  (naterial)  density  (yellow  brass) 

heat  conductivity  (yellow  brass)  density [material ) 

(From  Ref.  1) 
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APPENDIX  C  (Contd.) 


TABLE  16 

PHYSICAL  PROPERTIES  OF  THE  USEFUL  METALS 


SUBSTANCE 


—  <9  .  .  O 

Ui  O  UJ  o  O  Ui 

*T  a.  o  a  a.  o 


00>  C/>UJ 

'X^oeO  uj0h-0^0~0AiJP-  qbO- 
ZL>  —  -^UJOCO  —  H-M 


Aluminum 

2.67 

Anti mon  y 

6.76 

Bismuth 

Y 

9-82 
7.8  1 

Brass 

i 

r 

8.6/ 

8.521 

Bronze 

1 

8.96] 

Cadm  i  urn 

8.65 

Cobat  t 

8.  55 

Copper 

8.  85 

Ge  rman  s 1 1 v*  r 

8.5 

Gold 

19.258 

Iridium 

22.38 

1  ron 

7.9 

1  ron ,  cast 

7.22 

Iron,  wrou  flh  t 

7.  70 

Lead 

11.38 

Magnesium 

1.75 

Man  ganese 

8.0 

Mercury 

13.58 

N  1  eke  I 

8.  R 

Osm  i  urn 

22.  5 

Pat  I  dd  i  um 

12.0 

Platinum 

21.5 

Rhodium 

12.9 

Silver 

10.51 

Steel 

7.9 

f 

19.11 

Tantalum 

i 

16.1  J 

Tin 

7.35 

Titanium 

3.59 

Tungsten 

1  8.  8 

3260t 

6152 

786.9 


99.5 
/  10  1 
(32  ; 

76.7 


I  8. 000 

I  ,  000 

6.  900 
9.  000 
90,000 
3  ,  500 
25,000 


39,  900 
30,000 


/  l,600' 

I  2,900 


500,000 
1  9,000 

\  29,000 


From:  Uroitil  Data  for  Electrical  Men  -  General  Electric  Co 
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APFEKbIX  C 


iABLE  17 

ilmplraturl  conversions 


T!:e  rr.  i  I’O  le  co  1 1  ~\r 
to  be  converted. 


I't  t  igiires  (in  bold  tyoe)  contains  the  reading  (  F  or  C) 

If  crnverttnq  from  degrees  F.ahrcnlie  i  t  to  degrees  Centigrade 
read  tl.e  Centicrade  egnivatent  in  the  colui'n  headed  "C".  If  converting  fron 
degrees  Coatigrane  lo  negrees  falireniHit,  read  Lee  Fahrenheit  eauivalent  in 


tiie  col 

u:  in 

hc-T^ed  "F 

”  ^ 

¥ 

1 

F 

C 

126  4 

-88 

-66  67 

125  6 

S2 

n  11 

-  HU 

--bi  50 

I  jO  3 

M 

13  23 

-  1  li#  3 

-  H4 

-  64  44 

132  8 

5(1 

13  33 

-115  6 

— 

-03  33 

lib  4 

58 

14  44 

-U2  0 

-80 

— 62  aa 

140.0 

00 

15.56 

-108  4 

-78 

-61  11 

143  d 

62 

16  67 

-104  8 

-7ii 

-80  00 

147  2 

64 

n  78 

-74 

-68  bO 

150  6 

60 

18  89 

-  72 

-  57  78 

154  4 

66 

30.00 

-  84.0 

—  •Jo 

-66.87 

168  0 

70 

ai.ii 

-  ?0  4 

-fiH 

-66  58 

161.6 

72 

aaaa 

54  44 

166  a 

74 

a3  33 

-  83  a 

-53. 3J 

188  8 

76 

34  44 

-52  23 

172  4 

78 

25  50 

-  76  U 

-  UO 

-51.11 

176.0 

60 

36.67 

72  4 

-  r.H 

-CO  00 

179  6 

82 

37  78 

-4U  H3 

183  2 

84 

28  39 

-  47  7fl 

188  8 

80 

30  00 

■  4':  67 

leo  4 

88 

31  11 

58  U 

-  uO 

-45.5(1 

194  0 

90 

32.32 

54  4 

-  4K 

-44  44 

197  6 

92 

33  33 

Vi  8 

•  4<1 

•4  J  JJ 

201  a 

94 

34  44 

4 ;  3 

~  44 

-  42  32 

304  8 

80 

35  56 

4)  6 

-  4.‘ 

-41  11 

208  4 

9M 

30  C7 

40.0 

...  to 

-40  CO 

213.0 

lUO 

37.76 

4 

-3K 

-  38  ro 

215.6 

102 
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AFPEKDH  C  (Contd.) 

TABLE  19 

Properties  of  Air,  Helium,  hydrogen,  and  Nitrogen 
at  100°C.  (212°F.) 


c 

Btu 

El 

lb. 

k 

Btu 

H 

a 

1 

(lb.){'^F) 

cu.ft. 

(cu.ft.)(°F) 

Air 

0.2iil 

0.0591 

0.052? 

o.oieii 

0.689 

539,000 

Helium 

1.25 

0.00816 

0.051ili 

0.097 

0.700 

9,810 

%drogen 

3.U 

O.OOlill 

0.025ii 

0,129 

0.676 

11,000 

Nitrogen 

0.25 

0.0571 

0.0507 

0.0180 

0.701; 

56o,X0 

From;  Several  sources 
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aPPEMDIX  C  (CoDtd.) 


Table  20 

Emissivity  Values  of  Common  Materials 


Materials 

Lampblack 

Dull-oxide-type  paints 

asbestos  and  most  nonmetallic 

insulating  materials 

Most  glass- type  paint  &.  enamels 

Oxidized  steel 

Oxidized  copper 

Oxidized  brass 

aluminum  paint 

Oxidized  nickel  or  monel 

anodized  aluminum  ) 

( 

Oxidized  aluminum  ) 


Emissivity  at  Low  Temperature 

0.95 

O.9U 

0.93 

0.B6 

0.75 

0.70 

0.60 

0.27  to  0.67 

0.h2 

0.22  to  0.i*0  nor.mally,  but 
may  vary  from  0.05  to  0.75, 
depending  on  thickness  of 
film. 


^Tor  higher  temperature  values,  see  table  21. 
i'rom:  lief.  k 
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APFEJIDIX  C  (Contd.) 


TABLE  21 

Total  Bmlasivity  Values  for  Various  Metals  ^  Glasses* 


At 


Material 

Condition 

100°C 

320°C 

500°C 

Alleghany  metal 

No.  U  Polish 

Alleghany  alloy  No.  66 

Polished 

.11 

Aluminum 

Commercial  Sheet 

.09 

tl 

Polished 

.095 

n 

Rough  Polish 

.16 

Brass 

Polished 

.059 

Carbon 

Rough  Plate 

.77 

.77 

.72 

Carbon,  graphltlsed 

(t  tt 

.76 

.75 

Chromivun 

Polished 

.075 

Copper 

Polished 

.052  to  .Olj 

Copper  -  nickel 

Polished 

.;59 

Iron 

Dark  Gray  Surface 

.31 

Iron 

Roughly  Polished 

.27 

Lampblack 

Rough  Deposit 

.8u 

.78 

Uolybdenum 

Polished 

.071 

Nickel 

Polished 

.072 

Nickel-silver 

Polished 

.135 

Radiator  Paint,  i*iite 

Cean 

.79 

"  "  ,  cream 

tl 

.77 

"  "  ,  black 

It 

.dh 

"  ”  ,  bronae 

11 

.51 

Silver 

Polished 

.052  to  .03 

Stainless  steel 

Polished 

.07U 

Steel 

Polished 

.066 

Tin 

Polished 

.069 

Tin 

Commercial  Coat 

.08h 

Tungsten 

Polished  Coat 

.006 

Zinc 

Commercial  Coat 

.21 

Fuzed  quartz 

1.96  mm. thick 

.775 

.76 

Covex  D  (glass) 

3.I1O  ram- thick 

.83 

.90 

.91 

Nonex  (glass) 

1.57  ram. thick 

.835 

.87 

.62 

Aluminum  paint 

.29 

^  (From  flef .  12) 


■81ft  '9 


•  ‘ft 


179 


APPBNDII  C  (Contd.) 

TABLE  22 

Properties  of  ffater 

c  fjL  k  ax  10“® 


Temo. 

Btu 

lb. 

Btu 

cu 

1 

Op 

^  °C 

(lb.K®F) 

(ft.)(hr.) 

(hr.)(ft.)(°F) 

k 

(cu.ft.)(°F) 

32 

0.0 

1.009 

li.33 

0.327 

13.1* 

ho 

U.U 

1.005 

3.75 

0.332 

11.3 

0.3 

50 

10.0 

1.002 

3.17 

0.338 

9.1* 

1.0 

60 

15.6 

1.000 

2.71 

O.3U1 

7.9 

1.7 

70 

21.1 

0.998 

2.37 

0.3U9 

6.8 

2.3 

6u 

26.7 

0.998 

2.08 

0.355 

5.8 

3.0 

90 

32.2 

0.997 

1.85 

0.360 

5.1 

3.9 

100 

37.8 

0.997 

1.65 

O.36I* 

1*.5 

5.2 

110 

h3.3 

0.997 

l.Ji9 

0.368 

l*.o 

6.6 

120 

U8.9 

0.997 

1.36 

0.372 

3.6 

7.7 

130 

5U.U 

0.998 

1.2li 

0.375 

3.3 

8.9 

2ho 

60.0 

0.998 

l.Ui 

0.378 

3.0 

10.2 

150 

65.6 

0,999 

l.OU 

0.381 

2.7 

12.0 

160 

71.1 

1.000 

0.97 

0.381* 

2.5 

13.9 

170 

76.7 

1.001 

0.90 

0.386 

2.3 

15.5 

180 

82.2 

1.002 

0.81* 

0.389 

2.2 

17.1 

190 

87.8 

1.003 

0.79 

0.390 

2.1 

200 

93.3 

I.OOI4 

0.71* 

0.392 

1.9 

From :  Ref .  11 
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APPENDIX  C  (Contd.) 
tabu;  23 

Properties  of  Silicone  Fluid  -(DC$50-112  Centistoke  Grade) 


c 

A 

k 

a  X  10”® 

Temp. 

Btu 

lb. 

Btu 

lb. 

1 

°F 

°C 

(lb.)(°F) 

(ft.)(hr.) 

(hr.)(ft.)(OF) 

cu.ft. 

(cu.ft. )(OF) 

60 

15.6 

0.378 

0.0783 

67.0 

80 

26.7 

0.386 

0.0778 

66. h 

100 

32.2 

0.395 

0.0773 

65.9 

120 

37.8 

0.U05 

132 

0.0767 

6U.3 

0.32 

li^O 

60.0 

O.lilli 

98.0 

0.0761 

6U.8 

0.U3 

160 

71.1 

0.h2S 

7U.0 

0.0755 

61;. 2 

0.59 

180 

82.2 

0.h37 

57.0 

0.07ii9 

63.7 

0.78 

200 

93.3 

0.1i52 

l*U.O 

0.07U2 

63.2 

0.99 

220 

lOli.ii 

0.1i70 

36.0 

0.0736 

62.7 

1.22 

2l;0 

115.6 

O.U87 

30.0 

0.0729 

62.2 

1.1;5 

260 

126.7 

0.501 

25.5 

0.0721 

61.7 

1.69 

280 

137.8 

o.5ili 

22.1 

0.0711i 

61.2 

1.9U 

300 

lii8.9 

0.523 

19.6 

0.0707 

60.8 

2.19 

320 

160.0 

0.531 

17.3 

0.0700 

60.3 

2.1;5 

3Uo 

171.1 

0.538 

15.9 

0.0692 

59.8 

2.72 

360 

182.2 

o.5Ui 

11;.3 

0.0685 

59.1; 

2.99 

Flash  point  min. 

300°C 

Freezing  point 

-5o°c 

Coefficient  of  expansion,  K  x  1000/®C  (25  to  100°C) 

.75 

Dielectric  strength 

800  volts/mil 

Power  factor  at  25°C 

2 

10  cps 

.00158 

10®  cps 

.00003 

Dielectric  constant  at  25°C  at  10^  and  10®  cps 

2.9 

Color 

Slightly  yellow 

Courtesy,  Dow  Coming  Corp. 
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TABLE  2tt 


Properties  of  DC-701  Silicone  Fluid 


Color 

Viscosity  at  25°G 
Freezing  point 

Boiling  point  at  atmospheric  pressure 
Flash  point,  min. 

Specific  gravity  at  2^C 

Coefficient  of  expansion  per  lOOO/^C,  0°-100°C 
Dielectric  strength,  volts  per  mil 
Dielectric  constant  at  25°G  and  10^  and  10^  cps 
Power  factor  at  25°C 
at  10^  cps 
at  10^  cps 


Clear  water  white 

10  centistokes 

-60°C 

31iO°C 

113°C 

l.OJi 

.93 

300 

2.63 

.0002 

.0001 


Courtesy  -  Dow  Coming  Corp, 


APPENDIX  C  (Contd.) 


TABLE  26 


Properties  of  Mineral  Oil 

(10-C  Transformer  Oil) 

V. 

c 

A 

k 

a  X  10~® 

Temp. 

Btu 

lb. 

Btu 

1 

°F 

(lb,)(°F) 

(ft.) (hr.) 

(hr.)(ft.)(°F)  (cu.ft.)(°F) 

60 

15.6 

U1.7 

0.0785 

1.00 

80 

26.7 

ii2.7 

19.9 

1.30 

100 

32.2 

y.7 

16.8 

1.82 

120 

37.8 

U*.7 

11*. 0 

2.70 

lliO 

60.0 

h$.7 

11.6 

3.60 

160 

71.1 

U6.7 

9.7 

1*.55 

180 

82.2 

U7.7 

8.2 

5.50 

200 

93.3 

U8.7 

7.1 

6. ho 

220 

lOU.U 

U9.7 

6.2 

7.35 

2U0 

115.6 

50.6 

5.3 

8.30 

260 

126.7 

51.6 

U.6 

9.25 

280 

137.8 

52.5 

U.O 

10.20 

300 

U48.9 

53.5 

3.5 

11.10 

320 

160.0 

5U.5 

3.0 

12.05 

31;0 

171.1 

55.5 

2.7 

13.00 

360 

182.2 

56.5 

2.3 

Flash  point  132°C 

Fire  point  12*9°C 

Dielectric  strength  (new  oil)  300  volts/mil 
Dielectric  constant  at  1  M.C.  2.22 


Fron:  Pender,  H.  &  Del  Mar,  W.  -  Electrical  Engineers'  Handbook,  Uth 

Edition,  1951 


APPENDH  C  (Contd.) 
TABLE  27 


Typical  Properties  of  Perfluorocarbon  Liquids 


Identification 


Number 

FCX-326 

FCX-327 

FCX-328 

Empirical 

Formula 

^8^16 

CgF^^Cl 

Molecular 

Weight 

350 

liOO 

ia6.5 

Boiling 

Point 

(°c.) 

76 

102 

129 

M.P. 

Glass 

Glass 

Glass 

Index  of 

Refraction 

1.2762 

(30°) 

1.2858 

(30°) 

11.3170 

(25°) 

Density 

1.7999 

(20°) 

1.853 

(20^) 

1.869 

(20°) 

Dielectric 

Constant* 

1.69-1.70 

1.75 

2.03 

Power 

Factor* 

0.00h5- 

0.0005 

0.0098- 

0.0010 

0.0110- 

0.0008 

Dielectric 

Strength  (2) 

(Volts) 

16,600 

15,000 

12,900 

Direct  Current 
Resistance 
( ohms/cm. 

5.2x10^ 

1. 2x10^2 

1.6x10^ 

The  folloiring  are  the  characteristics  of  Standard  Transformer  Oil: 

Dielectric  constant  »  2.00  Power  factor  =  0.0053  -  O.OOOU 

Resistivity  »  1.1  x  10^  Dielectric  strength  =  lli,U00 

*From  100  cycles  to  100  kc. 

Notes:  (from  ref.  2U)  Method  ASTM  D  117-U3,  modified  using  0.05ii"  gap. 


Courtesy,  duPont 
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TABLE  28 


Typical  Solubility  Properties  of  Perfluorocarbon  Liquids 


FCX-326 

FCX-327 

FCX-328 

Solubility  (2) 

(wt.  %  at  27°C) 

(C7Pm) 

(^8^16) 

(CgFj^l) 

CHCI3 

7 

10 

Misc. 

CCl^ 

Misc . 

U3O) 

Misc . 

CH^CH 

Insol . 

2.5 

3.8 

Ethyl  acetate 

15 

13 

Misc. 

Acetone 

10 

9 

h2 

Petroleum  ether 

Uisc. 

Misc. 

Misc. 

Ethyl  ether 

Misc. 

Misc. 

Misc. 

Benzene 

3 

L.6 

21 

0-di.chloro- 

benzene 

Insol. 

Insol. 

Insol. 

Notes:  (from  ref.  2ij)  Solubilities  of  less  than  1.0^  are  reported 

as  "insoluble”. 

(At  which  point  solution  separated  into  two 
substantially  equal  phases.) 
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TABIE  29 


Properties  of  Fluorochemical  W-li3 


Formula 

(CuF9)3N 

Physical  state  at  room  t3n5)erature 

Colorless  liquid 

Odor 

Odorless 

Fonnula  weight 

671 

Boiling  point 

177°C  (351°F) 

Freezing  i  oint  (Glass  Point) 

-66°C  (-87°F) 

Pour  point 

o 

1 

O 

o 

1 

Density 

(g/cc  at  25^C,  77  F) 

1.872 

Viscosity  o  ^ 

(Centistokes  at  25  C,  77  F) 

2.7U 

Refractive  index  (25*^0,  77^F) 

1.2910 

Surface  tension 

(dynes/cm  at  25°C,  77  r) 

16,1 

Coefficient  of  volume  expansion 
(per  °C)  (25-UO°C,  77-104°F) 

(U;0-160°C,  284-320°F) 

1.2  X  10~l 

2.1  X  lO-^ 

Specific  heat  o 

(cal/g/°C  at  25-hO°C,  77°-10U  F) 

0.27 

Heat  of  uporization 
(cal/ mole  at  b.p.) 

(cal/g,  BWlb) 

11,100 

16.5 

Vapor  pressure 

(ram  Hg  at  25^C,  77  F) 

0.3 

Trouton  ratio 

2U.6 

Dielectric  strength  (ASTM-D  877) 

iiO  KV 

Dielectric  constant 

(100  cps  at  25°C,  77°F) 

1.86 

Power  factor 

(100  cps  at  25°C,  77°F) 

<0.0005 

Volume- resistivity 

(ohm-cm  at  25°C,  77°F) 

10^  -  10^^ 

Courtesy,  Minnesota  Mining  ik  Ufg.  Co. 
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TABLE  30 


Formula 

Physical  6‘,ate  at  room  temperature 
Odor 

Formula  wjight 
Boiling  3int 

Freezing  -oint  (Glass  point) 

Pour  ;  oint 
Density 

(fc/cc  at  25°0,  77°F) 

Viscosity 

(centistokes  at  2$°C,  77°F) 

Refractive  .  ide;:  (25^C,  77°F) 

Surface  aension 

(di-nes/cm  at  25°G,  77°F) 

Coefficient  of  '■oiun'.e  exoansion 
(p^^-r  °C)  (2s-i,0'-'C,  77-10h°F) 

(h0-60°C,  10U-176°F) 

Specific  .lat 

(cal/g/^C  at  2?-l*0°C,  77~10l°F) 

Heat  of  .  ipcri  zation 
(cal/ mole  at  b.p.; 

(cal/g) 

ThertTial  .onductivi  ■'■'r .  Liquid 

(BTU /hr., 'sq.ft  /‘^F.ft.K2S*^C,  77°F) 

(60°C,  lliO'^F) 

Dielectric  sirengtl;  (ASTM-DGVY) 

Dielectric  constant 

(IOC  cps  at  25  C,  77'^F) 

Power  1  actor 

(iOo  cps  at  25^C,  77^F) 

V  c  lume  'e  £  i  3 1.  i  V  i  ty 

(ohH-on  at  25°C,  77°F) 

ouarteo,.  ,  -li.  .es.-ti  f.aniny  a  iah .  o'.. 


Colorless  liquid 

Odorless 

Ul6 

101°C  (21U°F) 
-113^0  (-171°F) 

-ioo°c  (-iheop) 
1.7o0 

0.62 

1.276 

15.2 

l.t  a  10'^ 

2.0  X  10'-^ 

0.26 

o.VOt; 

20.9 


0.071 
V. .  0  5ij 

■  tt 

J  I  *VV 

1  •  0  .  J 
<0-0005^ 
*0^  1C-'' 
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